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ABSTRACT 
 
The issue of granite petrogenesis plays a key role in our overall understanding of the 
growth and differentiation of continents, as well as in our ability to unravel the tectonic histories 
of orogenic belts. Granites are ubiquitous magmatic products found in almost all tectonic 
settings: oceanic and continental rifts (i.e., plagiogranites – extreme basalt differentiates), active 
continental margins (e.g,. the granitic batholiths of central and southern Andes), continent-
continent collision zones (e.g., the orogenic batholiths of the Himalayas, Western Anatolia), 
post-collisional settings (e.g., the Variscan provinces of Europe), complex within-plates settings 
(e.g., Limmo massif, Afar, Ethiopia). Furthermore, granitoids are characterized by considerable 
petrological and geochemical heterogeneity, as they can form from a vast array of sources: 
sediments (e.g., pelites, arkoses, psammites), metamorphic rocks (e.g., (mica)schists, gneisses, 
etc.), and igneous rocks (e.g. andesites, dacites, tonalites, etc.). Aside from fertile sources (i.e., 
protoliths), granite petrogenesis is dependent upon two critical parameters: temperature (to 
promote melting of the protoliths) and water availability - either as freely available aqueous 
solutions/vapors (e.g., water input in subduction zones); or water released via dehydration 
melting of hydrous minerals (e.g., micas, amphiboles). The presence of water in protoliths 
depresses the melting temperature of mineral components and provides the environment for 
redistribution of chemical components. 
Understanding the origins of granitic rocks presents unique challenges, given that in 
many of the tectonic settings where granites are encountered, it is clear that their modes of 
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formation can involve a spectrum of igneous and metamorphic processes that are not readily 
accessible for examination, either through the study of modern environments or via analogy to 
“classical” localities. The petrogenesis and emplacement of granites in post-collisional tectonic 
settings is one of the thornier challenges, as these rocks appear to be derived via thermal and 
magmatic processes within highly deformed and compositionally diverse continental crust for 
which we lack a clear understanding. A number of unconventional and difficult-to-test 
mechanisms have been posited to drive crustal heating, melting, and subsequent pluton post-
collisional emplacement. Although large volumes of granitic magmas have been emplaced in 
post-collisional settings, the complexities of the processes active in such settings make it 
challenging to put forward testable models that effectively combine available geochemical, 
petrologic, and geophysical data. Models for granite genesis away from plate margins (by means 
of crustal thickening, thermal blanketing, and internal heating from radioactive decay of 40K, 
230Th, 235U, and 238U; delamination of the crustal lithosphere and juxtaposition of hot mantle 
melts at the base of the crust; underplating of mantle melts; or slab brake-off and upwelling of 
mantle melts) have been successfully applied in comparatively young orogenic regions, such as 
the Himalayas, the Carpathians, and Turkey. These models have proven challenging to employ in 
older orogenic belts, given their sometimes intricate tectonic and metamorphic histories, and the 
loss of pertinent evidence due to the effects of post-emplacement tectonic reworking, and often 
extensive alteration and erosion. 
A series of ancient but fresh, age-correlative granitic plutons are exposed in Alpine 
nappes on the flanks of the Carpathians Mountains in southwestern Romania. These granites, all 
mapped as intruding the Neoproterozoic basement of the Danubian tectonic terrane, were 
emplaced during the post-collisional stages of two world-scale orogenies: an older, Pan-African 
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event (~600 Ma) and a younger, Variscan event (~330- 280 Ma). My dissertation is focused on 
the study of late Variscan post-collisional plutons and associated sub-volcanic dykes, as they are 
tremendous tools for understanding and quantifying the mantle-crust interaction in post-
collisional environments and the overall evolution of the continental crust during the Variscan 
orogeny. 
Originally believed to be Proterozoic in age, zircon U/Pb dating showed that the plutons 
are much younger (Chapter 1 - Post-collisional Late Variscan magmatism in the Danubian 
domain (South Carpathians, Romania) documented by zircon U/Pb LA-ICP-MS) and correspond 
to the latest stages of the Variscan orogeny, as recorded elsewhere in the European Variscan 
provinces. The granitic plutons are relatively small and are generally concordant with the 
structures preserved by the country rocks. The extraordinary petrological and geochemical 
heterogeneities, even at pluton scale (Chapter 2 - Petrology and geochemistry of the Late 
Variscan post-collisional Furcătura granitic pluton South. Carpathian Mts. (Romania)) argue 
against unique protoliths and simple evolutionary processes (e.g., closed-system fractional 
crystallization; anatexis). Trace elemental data for the Furcătura pluton shows that the melts were 
formed in equilibrium with a garnet-amphibole restite, under pressure-temperature conditions 
deeper than the plagioclase stability field, implying that the melting took place at depths in 
excess of 40 km in the continental crust. Stable and radiogenic isotope data suggest that a 
protolith was of (possibly enriched) mantle affinities, and that the melts were subsequently 
contaminated in various degrees by deep crustal lithologies. In comparison, other post-collisional 
Variscan plutons from the Danubian domain (Chapter 4 - The role of the continental crust and 
lithospheric mantle in Variscan post-collisional magmatism – insights from Muntele Mic, 
Ogradena, Cherbelezu, Sfârdinu, and Culmea Cernei plutons (Romanian Southern 
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Carpathians)) have trace elemental compositions that suggest they were formed at different 
levels in the crust, under P-T conditions corresponding to both garnet-amphibole and plagioclase 
stability fields. Some of the plutons lack mantle geochemical signatures and their isotopic 
compositions are indicative of substantial involvement of both lower- and upper-crustal rocks in 
their formation and subsequent evolution. On the other hand, plutons emplaced during the same 
time interval and most likely in close geographical proximity have trace elemental and isotopic 
compositions indicating strong input from previously enriched mantle components which 
experienced various degrees of assimilation fractionation-crystallization and/or assimilation of 
continental crust material during their evolution. This variability in both protoliths and processes 
responsible for the formation of the granites, coupled with the presence of mantle signatures in 
late-orogenic post-collisional melts are strong evidence to support delamination as means of 
providing both the mantle-derived input and energy required for generation of granitoids in the 
crust. The pronounced variation in petrological and chemical compositions of synchronous 
plutons suggests that delamination in the Danubian domain was not a single, large scale event 
that affected the entire crust, but rather a collection of disparate, spatially and chronologically 
limited event, that affected the Variscan crust during the latest stages of the orogeny. 
This hypothesis is further tested on a series of sub-volcanic dykes (the Motru Dyke 
Swarm) crosscutting the entire Danubian basement (Chapter 3 - Post-collisional magmatism 
associated with Variscan orogeny in the Danubian Domain (Romanian Southern Carpathians): 
the Motru Dyke Swarm). Initially, the emplacement age of these dykes was assumed as “pre-
Silurian” but our mapping has showed that they intrude components of the Danubian domain that 
shared a documented common history not earlier than the Carboniferous. Furthermore, the dykes 
are in intrusive relationship with two of the Danubian Variscan plutons, thus arguing for an early 
xii  
Permian emplacement age. Geochemical data show extraordinary heterogeneities in the dykes’ 
composition and record both mantle and crust involvement in their formation. The dykes were 
emplaced at much shallower depths in the crust, as compared with the granitic plutons. Still, their 
isotopic compositions clearly indicate that they sampled both lower- and upper-crustal 
compositions during their evolution. This means that after the crustal thickening episodes that 
define continent-continent collisions, during the latest stages of the Variscan orogeny, the crust 
became progressively thinner, as a way to compensate for its metastable state. Thinning of the 
crust is greatly favored by delamination of the lithosphere. A delamination event, which usually 
postdates the cessation of continental collision or prolonged crustal shortening, involves the 
geologically rapid foundering of negatively buoyant lithosphere comprised of mantle and 
(potentially) lower crust into underlying hotter and less dense asthenosphere. Such a process will 
remove the lithospheric mantle (and potentially segments of the lower crust) along pre-existing 
lineaments or mechanical flaws, and juxtapose hot upwelling asthenosphere against the base of 
the crust, leading to partial melting. 
Field, petrological, and geochemical data presented in my dissertation document 
pronounced variations in the overall composition of synchronous plutons and dykes, and further 
suggest that delamination in the Danubian domain was an active process. This bears great 
importance in our understanding of the evolution of the crust and argues that mantle-crust 
interactions are responsible for the generation of continental crust even in the latest stages of an 
orogen. 
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CHAPTER ONE: 
POST-COLLISIONAL LATE VARISCAN MAGMATISM IN THE DANUBIAN 
DOMAIN (SOUTH CARPATHIANS, ROMANIA) DOCUMENTED BY ZIRCON U/PB 
LA-ICP-MS 
 
Note to Reader 
This chapter has been submitted to Journal of the Geological Society. The author of this 
dissertation is not the first author, but all contributing authors are equally credited authors. 
 
Abstract 
The Neoproterozoic basement of the Danubian domain in the South Carpathians 
(Romania) is intruded by a significant number of Late Variscan granitoid plutons. Magmatic 
zircons from six granitoid bodies record ages that prove an important post-collisional magmatic 
activity. The ages documented by zircon U/Pb LA-ICP-MS are 317.1±2.8 Ma for the Furcătura 
pluton; 286.9±2.9 Ma for the Culmea Cernei pluton; 303.4±2.9 Ma for the Frumosu pluton; 
309.8±3.2 Ma for the Retezat pluton; 285.7±1.8 Ma for the Parâng-Latoriţa pluton and 297.7±3.7 
Ma for the Parâng-Jieţ pluton. The post-collisional tectonic setting featuring the emplacement of 
these plutons was probably a consequence of a sequence of events that started with the closure of 
the Rheic Ocean (before 350 Ma), followed by continental subduction of the Sebeş-Lotru terrane 
under the Danubian domain crust (350-320 Ma), and ending with the Sebeş-Lotru terrane 
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exhumation (320-290 Ma). A delamination process is hypothesized to have triggered this 
extensive Late Variscan magmatic activity. 
 
Introduction 
In the process of differentiation and growth of the continental crust granites have an 
important place, as they represent the major constituents of the upper continental crust. They also 
play an important role in collisional orogens, their emplacement spanning the entire pre- to post-
collisional history of. It is widely accepted that most granitic magmas are derived from multiple 
sources (Clemens & Vielzeuf 1987; Albarede 1999; Bea et al., 1999; Patiño Douce 1999; 
Hawkesworth, 2006). Whereas some owe their existence to sources of lower and mid- crustal 
origin, others are thought to represent new additions to the crust, if they contain a juvenile 
component (e.g., Kemp & Hawkesworth 2003).  
The Danubian domain basement in the South Carpathians, Romania, has been intruded 
by a significant number of granitoid plutons, for which a Neoproterozoic age has long been 
widely accepted (i.e., Grünenfelder et al., 1983; Liégeois et al., 1996). However, field relation-
ships between some of the plutons and their country rocks suggestive of post-Carboniferous ages 
(Seghedi et al., 2005). This was confirmed by Balica et al. (2007) who reported preliminary 
U/Pb zircon dates of late Carboniferous age for several plutons (i.e., Ogradena, Cherbelezu, 
Sfârdinu, and Muntele Mic) in the western part of the Danubian domain. Higher precision, late 
Paleozoic ages were also reported for the Cherbelezu and Sfardinu plutons by Balintoni and 
Balica (2012) along with a well constrained late Carboniferous U/Pb age (303.8 177±0.85 Ma) 
for the Buta pluton. This paper presents new zircon U/Pb age data that document late Variscan 
ages for the majority of the Danubian plutons, indicating that these bodies were emplaced in a 
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post-collisional tectonic setting. A model describing the sequence of events that have resulted in 
this extensive magmatic activity, based on the U/Pb zircon data and some geochemical features, 
is also proposed. 
 
Variscan Orogeny: Plate Tectonics Concepts and Timing 
In order to understand the tectonic setting of Danubian granitoid emplacement, a brief 
review of the Variscan plate-tectonics models is necessary, since there are several distinct lines 
of thinking on this topic. 
In the first model, processes associated with the Variscan Orogeny take place between 
480-290 Ma (e.g., Franke, 1989, Matte, 2001). Around 465 Ma ago two oceans opened: the 
Rheic Ocean between Avalonia and North Armorica microcontinent, and Galicia-Southern 
Brittany Ocean between North Armorica and South Armorica, while South Armorica remained 
attached to Gondwana. By 425 Ma Avalonia has accreted to Laurussia and by 375 Ma the Rheic 
and Galicia-Southern Brittany oceans had closed, suturing Laurussia and Gondwana and trapping 
the North Armorica continent in between. During Late Carboniferous-Early Permian times, 
Gondwana rotated clockwise relative to Laurasia, widening the Paleotethys Ocean and closing 
the Rheic Ocean between South America, Africa, and North America. This motion led to the 
development of the Appalachian-Mauritanides collision belt. 
In another model, advocated by Stampfli & Borel (2002) and Stampfli et al., (2002), the 
first middle Devonian (i.e., early Variscan) orogenic event is attributed to the collision between 
terranes detached from Gondwana (grouped as the Hun superterrane) and those terranes detached 
from Laurussia (i.e., the Hanseatic terranes). Subsequently, the amalgamated terranes collided 
with Laurussia in a second orogenic event during Visean time (middle Mississippian), 
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accompanied by large-scale lateral escape of major parts of the accreted margin. A final collision 
was responsible for the Alleghanian Orogeny. The Rheic Ocean opened north of the Hun 
superterrane while the Paleotethys Ocean opened to the south. Southward migration of the 
Hanseatic terranes, detached from the southern margin of Laurussia, resulted in the opening of 
the Rhenohercynian Ocean. The Paleotethys Ocean did not completely close in southeastern 
Europe until the late Permian. The final tectonic event of Variscan Orogeny was the 
Eocimmerian event (in the mid-Mesozoic). 
According to Stampfli & Borel (2002) and Stampfli et al., (2002), the Variscan collision 
in Europe took place between Gondwana-derived terranes and Laurussia only, and not between 
the entire Gondwana and Laurussia continents. The main difference with Matte's (2001) model is 
that the Hun superterrane includes both North Armorica and South Armorica, and instead of 
having the Galicia-Southern Brittany Ocean fragment in the northern part of South Armorica, the 
Paleotethys Ocean opens within the southern part of South Armorica. Thus, all the Cadomian 
terranes (sensu Samson et al., 2005) were part of the Hun superterrane. The major features of 
this model are preserved by Stampfli & Kozur (2006), von Raumer & Stampfli (2008), and von 
Raumer et al. (2009), although von Raumer & Stampfli (2008) changed the name of the 
European Hunic terranes into the Galatian terrane, and von Raumer et al. (2009) proposed more 
detailed Variscan orogenic timing. 
In a third model, put forward by Linnemann et al., (2004), the Variscan Orogeny is 
viewed strictly as a consequence of the closure of the Rheic Ocean during the late Devonian to 
early Carboniferous, and the Armorica never separates from Gondwana. In this model no trace of 
the Paleotethys Ocean is found. The model finds support in Nance et al. (2010) who suggest that 
the closure of the Rheic Ocean culminated with the Variscan-Alleghanian-Ouachita Ororgeny, 
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signaling the assembly of Pangea. According to this model, the closure of the Rheic Ocean began 
in the Devonian and ended in the Permian. Building on this third model, Kröner et al. (2008) 
suggest that the Armorican Terrane Assemblage (ATA), as well as the Proto-Alps, were integral 
parts of the Gondwana plate, not as rigid microplates, but as a collection of relatively 
independent fragments. The post-Caledonian closure of the Rheic Ocean took place between the 
Silurian and Permian, and during this time span, three orogenies (the Acadian, Variscan, and 
Alleghanian) were completed. 
The Acadian Orogeny affected continental crust to the north of the Rheic Ocean 
(Avalonian crust) during its northward subduction (400 to 345 Ma). The Variscan Orogeny 
involved ATA and Proto-Alps crust, with subduction-related processes taking place between the 
late Silurian and early Carboniferous. Three Variscan stages are described: (i) early Variscan, 
spanning the Silurian to Devonian; (ii) mid-Variscan, during the early Carboniferous, and (iii) 
late Variscan, from the late Carboniferous to early Permian. 
The Alleghanian Orogeny represents the final closure of the Rheic Ocean followed by the 
collision between the West Africa - South America assemblage and the North America continent. 
As a result of this orogeny, the southern Appalachians, Ouachita belt and the Mauritanides were 
formed (320 to 260 Ma).  
In our use of the term, the Variscan Orogeny includes all the post-Caledonian plate 
tectonics processes leading up to Pangea assembly. We argue that the Acadian and Alleghanian 
episodes represent spatially restricted orogenic events developed within the larger frame of the 
Variscan Orogeny. In the specific case of the Romanian Carpathians, the Rheic suture (Balintoni 
et al., 2010a) and a suture within the Cadomian terranes (Balintoni et al., 2010b) have been 
documented. As a consequence, Matte's model (2001) appears to be more realistic in this region. 
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Geological Setting 
Alpine Structure of the South Carpathians 
The present architecture of the South Carpathians reflects a polyphase Alpine tectonic 
evolution and includes, from top to bottom, the Getic-Supragetic nappe system, the Severin 
nappe system, and the Danubian nappe system (Figure 1.1), all tectonically overriding the 
Moesian platform (e.g., Iancu et al., 2005, and references therein). Early Cretaceous thin-skinned 
tectonics were replaced by thick-skinned tectonics in the Late Cretaceous, and the entire South 
Carpathians nappe stack overthrusted the Moesian platform during the Miocene (e.g., Schmid et 
al., 2008, and references therein). 
The Getic-Supragetic nappe system involves medium- to high-grade metamorphosed 
Neoproterozoic to early Paleozoic gneissic basement (Balintoni et al., 2009, 2010a) and sub-
greenschist to epidote-amphibolite grade Paleozoic successions, unconformably overlain by late 
Carboniferous to Permian continental clastic sediments and Mesozoic deposits (Iancu et al., 
2005). 
The Severin nappe complex represents underthrusted units of an accretionary wedge 
formed during subduction of the Moesian plate (i.e., Euxinic craton, Balintoni, 1997) beneath the 
Getic plate (Seghedi & Oaie 1997) during the early Cretaceous. 
The Danubian units are exposed in a large tectonic window, referred to in the literature as 
the Danubian window. Each Danubian nappe consists of a pre-Alpine basement assemblage 
(metamorphic rocks, granitoids and locally thin Paleozoic units), overlain by very low to low 
grade Mesozoic metamorphic successions, starting with the Liassic (Berza et al., 1988a, b). 
Triassic sedimentary sequences are absent in the Danubian realm. 
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Pre-Variscan Structure of the South Carpathians 
Based on detrital zircon ages, Balintoni et al. (2009, 2010a, b) advocate a Cadomian, NE-
African provenance for the entire Carpathian pre-Alpine basement, excepting the Danubian 
basement. Sm/Nd and conventional U/Pb age data reported by Liégeois et al., (1996) support a 
Pan-African origin for the Drăgşan and Lainici-Păiuş terranes, the two main components of the 
Danubian basement. These two terranes were sutured by the Tişoviţa-Iuţi ophiolitic complex 
(Mărunţiu, 1984). An augen gneiss protolith from the Drăgşan terrane basement was emplaced at 
a minimum age of 777±3 Ma (zircon U/Pb data) while amphibolites from the same basement 
Figure 1.1. Simplified map showing the main Alpine tectonic units in the South Carpathians, compiled from 
Liégeois et al., (1996) and the Geological map of Romania, scale 1:1.000.000. Legend: 1-Supragetic 
tectonic units; 2-Getic tectonic units; 3-Severin tectonic units; 4- Upper Danubian tectonic units; 5-Lower 
Danubian tectonic units. Inset: Location of the South Carpathians (box) on a map showing the basement 
structure and Neoproterozoic, Caledonian, Variscan and Alpine deformation belts in Europe. TESZ-Trans 
European Suture Zone; SC-South Carpathians; EC-East Carpathians; AP-Apuseni Mountains; M-
Malopolska; US-Upper Silesia; SP-Scythian Platform; Armorican Terrane Assemblage: A-Armorica; MC-
Massif Central; I-Iberia; BM-Bohemian Massif. Drawn after Seghedi et al., (2005), modified. 
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yield a Sm/NdTDM model age of ~800 Ma. An upper Discordia intercept at 567±3 Ma for a 
granitoid intruding the Lainici-Păiuş terrane basement (i.e., Tismana granitoid) is interpreted as 
its intrusion age. Data obtained by Grünenfelder et al. (1983) for the Novaci pluton, recalculated 
by Liégeois et al. (1996), yield an upper Discordia intercept at 588±5 Ma. Based on Iordan & 
Stănoiu (1993) and Liégeois et al. (1996), an Avalonian provenance of the Danubian terranes has 
been suggested (Seghedi et al., 2005). Since the Rheic Ocean closed between the Avalonian and 
Cadomian terranes (sensu Samson et al., 2005) and because large eclogite bodies occur 
throughout the Sebeş-Lotru terrane, subduction of this terrane under the Danubian terranes 
during the Variscan Orogeny has been proposed (Balintoni et al., 2010a). The Avalonian and 
Ganderian origin of the Danubian crustal rocks which were repeatedly intruded by granitoid 
plutons at ~ 800 Ma (the Drăgşan terrane) and during the 600-590 Ma time interval (the Lainici-
Paius terrane) is also supported by inherited and detrital zircon U/Pb data (Balintoni et al.,, 
2010c). 
 
Variscan Events in South Carpathians 
Some aspects of Variscan geological history of the South Carpathians are still under 
debate, but a series of events have been clearly delimited. Between 350 Ma and 320 Ma 
amphibolites and augen gneisses from the Sebeş-Lotru terrane basement completely 
recrystallized, as indicated by the complete resetting of their Sm/Nd and Rb/Sr isotopic systems 
(Drăguşanu & Tanaka 1999). Medaris et al. (2003) reported Sm/Nd mineral-whole rock isochron 
ages of 358±10 Ma for a Sebeş-Lotru garnet amphibolite, 341±8 Ma and 344±7 Ma for two 
eclogites, and 316±4 Ma for a garnet peridotite. Thermobarometry on the eclogite yielded "peak" 
pressures and temperatures of 1.08-2.23 GPa and 545-7450 C, respectively, depending on the 
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tectonostratigraphic unit and locality. Single zircon 207Pb/206Pb dates of 332±14 and 338±11 Ma 
reported for pegmatites of the Sebeş Mountains are interpreted as crystallization ages (e.g., 
Cocherie 1994, in Iancu et al., 1998). Calculated temperatures and pressures for several other 
eclogite bodies from the Sebeş-Lotru terrane Sm/NdTDM model age on range from 800-9000C and 
of 2.4-2.7 GPa, respectively (Săbău 2000; Săbău & Massonne 2003). Such P-T conditions 
(corresponding to depths of about 100 km) suggest continental subduction of the Sebeş-Lotru 
terrane essentially during Visean time, which corresponds to the second (i.e., collisional stage) 
Variscan orogenic event of Stampfli & Borel (2002). 
The timing of Sebeş-Lotru terrane exhumation was determined by Dallmeyer et al. 
(1998) to lie between 320 and 295Ma, based on Ar/Ar hornblende and muscovite ages. This 
interval corresponds to late Variscan orogenic events (e.g., Kröner et al., 2008), when cooling 
and exhumation effects are commonly observed in the basement of the Alpine-Carpathian belt 
(Dallmeyer et al., 1998 and references therein). The Late Variscan extension and strike-slip 
motion experienced by the basement of the Alpine-Carpathian belt was caused by the clockwise 
rotation of Gondwana relative to Laurussia during the Alleghanian orogenic phase (e.g., Matte 
2001, Nance et al., 2010), and many post-collisional granitoid plutons were emplaced during this 
period. 
 
Samples and Analytical Methods 
Samples  
The following plutons were sampled for zircon U/Pb dating by LA-ICP-MS: Furcătura, 
Culmea Cernei, Frumosu, Retezat, Parâng Latoriţa, and Parâng Jieţ (Figure 1.2). 
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The Furcătura granitoids (Sample 263) are porphyroblastic monzonite- granodiorite 
differentiates (Andăr 1991) composed primarily of plagioclase, K-feldspar, quartz, biotite 
muscovite, accessory epidote, titanite, and opaque phases. The secondary assemblage consists 
mainly of chlorite and clay minerals.  
The Culmea-Cernei granitoids (Sample 287) form a composite massif made up 
dominantly of granodiorites and granites, and subordinately of diorites (Iancu et al., 1994). Their 
primary components are plagioclase, K-feldspar, quartz, biotite and hornblende together with 
accessory allanite, epidote, garnet, tourmaline, and Ti and Fe oxides. Secondary albite, actinolite, 
stilpnomelane, muscovite and calcite may form on the expense of primary minerals. 
The Frumosu granitoids (Sample 280) consist, according to Berza et al. (1981), 
predominantly of diorites, tonalites and granodiorites and subordinately by granites. The rocks 
are composed of primary quartz, plagioclase, K-feldspar, biotite and hornblende, with accessory 
apatite, zircon, allanite and opaque minerals. 
The Retezat granitoids (Sample 267) include granodiorites, tonalites and granites (Berza 
and Tatu, 2002). Beside plagioclase, K-feldspar and quartz, these rocks may contain biotite, 
muscovite, locally hornblende, and primary epidote.  
The Parâng granitoids (Latorita pluton, Sample 282, and Jieţ pluton, Sample 276) 
comprise hornblende-biotite granodiorites and biotite granites containing accessory apatite, 
allanite, magnetite and titanite (Savu et al., 1976). 
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Analytical Methods 
About 10 kg of fresh rock was collected from each granitoid. Zircons were separated 
using standard procedures that include crushing, milling, sieving, gravitational separation, and 
magnetic and heavy liquids treatment at the “Babeş-Bolyai” University of Cluj-Napoca and “Al. 
I. Cuza” University of Iaşi. 
Hand-picked zircon grains were mounted in epoxy together with reference standard 
zircon grains. Prior to analysis, CL screening and imaging was performed on all samples in order 
to reveal the zircons’ internal structures. Twenty five to fifty zircons were analyzed for each of 
the selected samples. 
Figure 1.2. Distribution of the granitoid bodies within the Danubian terranes. Modified and 
simplified after Berza et al., (1994) and Seghedi et al., (2005). Legend: 1- Varsican plutons; 2- 
Neoproterozoic plutons; 3- Plutons of unspecified age (Suseni, Bâlta, Buseşti); 4- Tişoviţa-Iuţi 
ophiolitic complex; Drăgşan terrane; Lainici-Păiuş terrane. 
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Zircon U/Pb geochronology by LA-ICP-MS was conducted at the LaserChron Center, 
University of Arizona (Dickinson & Gehrels 2003; Barbeau et al., 2005). The analyses involve 
ablation of zircon with a New Wave/Lambda Physik DUV193 Excimer laser (operating at a 
wavelength of 193 nm) using a spot diameter of 30 microns. The ablated material is carried in 
helium into the plasma source of a GV Isoprobe multicollector ICP-MS instrument, which is 
equipped with a flight tube of sufficient width that U, Th, and Pb isotopes are measured 
simultaneously. All measurements are made in static mode, using 1011 ohm Faraday detectors for 
238U, 232Th, 208Pb, and 206Pb, a 1012 ohm Faraday collector for 207Pb, and an ion-counting channel 
for 204Pb. Ion yields are ~1.0 mv per ppm. Each analysis consists of one 20-second integration on 
peaks with the laser off (for backgrounds), 20 one-second integrations with the laser firing, and a 
30 second delay to purge the previous sample and prepare for the next analysis. The ablation pit 
is ~15 microns deep.  
For each analysis, the errors in determining 206Pb/ 238U and 206Pb/ 204Pb result in a 
measurement error of ~1-2% (at 2-sigma level) of the 206Pb/ 238U age. The errors in measurement 
of 206Pb/ 207Pb and 206Pb/ 204Pb also result in ~1-2% (at 2-sigma level) uncertainty in age for 
grains that are >1.0 Ga, but are substantially larger for younger grains due to low intensity of the 
207Pb signal. For most analyses, the cross-over in precision of 206Pb/ 238U and 206Pb/ 207Pb ages 
occurs at 0.8-1.0 Ga.  
Common Pb correction is accomplished by using the measured 204Pb and assuming an 
initial Pb composition from Stacey & Kramers (1975) (with uncertainties of 1.0 for 206Pb/ 204Pb 
and 0.3 for 207Pb/ 204Pb). Our measurement of 204Pb is unaffected by the presence of 204Hg 
because backgrounds are measured on peaks (thereby subtracting any background 204Hg and 
204Pb), and because very little Hg is present in the argon gas.  
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Inter-element fractionation of Pb/U is generally ~20%, whereas fractionation of Pb 
isotopes is generally ~2%. In-run analysis of fragments of a large zircon crystal (generally every 
fifth measurement) with known age of 564 ± 4 Ma (2-sigma error) is used to correct for this 
fractionation. The uncertainty resulting from the calibration correction is generally 1-2% (2-
sigma) for both 206Pb/ 207Pb and 206Pb/ 238U ages. 
Interpreted ages are based on 206Pb/ 238U for grains <1000 Ma and on 206Pb/ 207Pb for 
grains >1000 Ma in age (i.e., best ages; Gehrels et al., 2008 and references therein). This division 
at 1000 Ma results from the increasing uncertainty of 206Pb/ 238U ages and the decreasing 
uncertainty of 206Pb/ 207Pb ages as a function of age. Analyses that are >10% discordant (by 
comparison between 206Pb/ 238U and 207Pb/ 235U ages) or >5% reverse discordant are not 
considered further.  
Using the ISOPLOT program of Ludwig (2001), Concordia diagrams and weighted 
average diagrams (both with data point error symbols at 2σ) for each igneous sample were 
plotted. 
 
Results 
Sample 263, Furcătura pluton. Zircon grains from sample 263 are bi-pyramidal square 
prisms, of differing in length and thickness, gray-yellowish in color, with numerous cracks, and 
generally with poor transparency. Some grains show rounded and transparent cores and contain 
inclusions. CL screening reveals typical magmatic zoning. Inherited cores are rare, and when 
present display a flat CL signal. Of 25 measured grains, 23 206Pb/238U apparent ages ranging 
between 306 Ma and 332 Ma yielded a crystallization weighted mean age of 316.4±2.9 Ma and a 
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Concordia age of 317.1±2.8 Ma (Carboniferous, early Pennsylvanian; Figure 1.3a, b). One grain 
probably includes minute inherited Pb while another grain shows Pb loss. 
 
 
Sample 287, Culmea Cernei pluton. Zircon grains from sample 287 are short, thick, bi-
pyramidal prisms, colorless and transparent, and free of inclusions. CL imaging reveals typical 
magmatic zoning. Inherited cores are also present, either with zoning patterns different than the 
host grain or as xenomorphic cores with flat CL signals. Data show a relatively large age spread 
along the Concordia with inheritance and Pb loss. Out of 26 measured grains, nine yielded 
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Figure 1.3. Weighted average age and Concordia age diagrams for the Furcătura granite (a, b), Culmea 
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206Pb/238U apparent ages between 269 Ma and 295 Ma, giving a weighted mean age for 
crystallization of 286.8±4.2 Ma and a Concordia age of 286.9±2.9 Ma (early Permian, 
Sakmarian; Figure 1.3c, d). Twelve grains that yield older ages are considered to be inherited and 
possibly partially reset. Four grains are affected by Pb loss, and one is highly discordant.  
 
 
Sample 280, Frumosu pluton. Zircon grains from sample 280 are short, thick prisms with 
six facets, light pink in color, transparent, and lacking inclusions. CL imaging reveals typical 
magmatic zoning, although some of the grains give a flat CL signal or show sector zoning. 
Inherited cores are also resent, either with zoning patterns different than the host grain or as 
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xenomorphic cores with flat CL signals. Of 26 measured grains, 18 yield 206Pb/238 apparent ages 
ranging between 295 Ma and 315 Ma with a weighted mean crystallization age of 303.4±2.9 Ma 
(Carboniferous, late Pennsylvanian; Figure 1.4a). Eight ages showed a large inheritance range 
and may be partial reset, but none are affected by Pb loss.  
Sample 262, Retezat pluton. Zircon grains from sample 262 are variable length square 
prisms, some of which re colorless and transparent, others yellowish and less transparent, 
generally without inclusions. CL screening shows clear magmatic zoning, which is sometimes 
barely visible, due to amorphisation induced by high U content. Of 27 measured grains, 18 yield 
206Pb/238 apparent ages between 293 Ma and 326 Ma with a weighted mean crystallization age of 
309.7±5.15 Ma and a Concordia age of 309.8±3.2 Ma (Carboniferous, middle Pennsylvanian; 
Fig. 4b, c). The other 9 ages show inheritance but no Pb loss was observed.  
Sample 282, Parâng Latoriţa pluton. Zircon grains from sample 282 comprise square 
prisms, variable in length, brownish in color and transparent, with rare inclusions. Most of the 
grains display CL oscillatory zoning, although a few are sector zoned, completely flat grey, or 
affected by some degree of amorphisation. Inherited cores are also frequent, often showing a 
different zonation pattern but often responding with a flat CL signal. Of 52 measured grains, 29 
yield 206Pb/238 apparent ages between 277 Ma and 294 Ma with a weighted mean crystallization 
age of 285.7±1.8 Ma (early Permian, Sakmarian; Figure 1.5a) Twenty two ages show substantial 
inheritance and one grain lost Pb. 
Sample 276, Parâng Jieţ pluton. CL screening generally reveals similar features as the 
previous sample, but the grains seem to be affected by a higher degree of metamictization. Of 24 
measured grains, 20 yield 206Pb/238 apparent ages between 280 Ma and 307 Ma with a weighted 
17  
mean crystallization age of 297.7±3.4 Ma (early Permian, Asselian; Fig. 5b) Two grains show 
inheritance and another two lost Pb. 
The age interval recorded from all dated granitoids covers a time span between late 
Carboniferous (Pennsylvanian) and early Permian (Sakmarian). 
 
Discussion 
General Plate Tectonics Concept 
Balintoni et al. (2010a) argue for a Rheic suture between the Sebeş-Lotru terrane of 
proven Cadomian affinity and the Danubian domain basement of Avalonian and Ganderian 
affinity (Balintoni et al., 2010c). Due to the fact that Rheic Ocean lithosphere subducted beneath 
the Avalonian terranes attached to Baltica (e.g., Kröner et al., 2008, Nance et al., 2010), or in our 
case to Moesia (Balintoni et al., 2010c), we propose that the Sebeş-Lotru terrane collided with- 
and subducted under the Danubian domain, which was made up of a dominantly metabasic 
component (i.e., Dragşan terrane), and a dominantly metasedimentary component (i.e., Lainici-
Paiuş terrane, Liégeois et al., 1996). 
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This event lasted from 350 Ma to 320 Ma and was followed by lateral retreat and 
exhumation between 320 and 290 Ma. Given that the Variscan granitoid plutons intruded the 
Danubian domain crust during the 317-286 Ma time interval, we argue for a causal relationship 
between Sebeş-Lotru terrane exhumation and granitoid plutons emplacement into the Danubian 
crust. According to this model, which is consistent with other models proposed for the Variscan 
orogen (e.g., Massonne 2005) these Variscan Danubian plutons represent post-collisional 
intrusions, most likely triggered by a delamination process. 
 
Major Element Geochemistry 
Major elemental data are available from the literature (Savu et al., 1971, 1976, Berza et 
al., 1981, 1994, Iancu et al., 1994, and Andǎr 1991). Even though the use of major elements does 
not provide unequivocal solutions to petrogenetical problems, some broad conclusions can be 
drawn about the source materials and the processes that formed the granitic melts. Most of the 
lithologies ascribed to the studied plutons are peraluminous to strongly peraluminous with a few 
excursions in the metaluminous field (Figure 1.6). The Retezat and Culmea Cernei samples are 
almost entirely calk-alkaline, whereas those from the Parâng and Furcătura plutons are high-K 
calk-alkaline (Figure 1.7). Samples from the Frumosu pluton are evenly distributed between 
these two categories.  
On the A-B multicationic diagram of Debon and Le Fort (1983), there is a noticeable 
spread in the plotted data, without clear trends (Figure 1.6), arguing for source heterogeneity 
(both mica and amphibole rich) and discrete melting conditions (see Villaseca et al., 1998 for a 
comprehensive discussion). The samples have both I- and S-type characteristics, sometimes 
displaying these two sets of features within the same pluton (Stremțan et al., 2010), and overlap 
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the fields of I- and S-type granites described from other Variscan localities in Central Europe 
(e.g., Broska & Uher 2001).  
 
 
Chappell & White (1992) and Sylvester (1998) have shown that the CaO/Na2O ratio can 
be used as a proxy for the plagioclase/clay ratio in the sources of melts, thus allowing some 
inferences to be made regarding the role of crustal (e.g., clay-rich metasediments) and mantle 
(e.g., plagioclase-rich (meta-) basalts) materials during melting. Samples from the five South 
Carpathians Variscan plutons plot along the mixing line with these two end-members (Figure 
1.8), in accordance with their predominantly I-, S-, or intermediate compositions.  
Figure 1.6. A-B multicationic digram of Debon & Le Fort (1983) modified by Villaseca 
et al., (1998). Generally the data scatters all fields, but overlap within the mP-fP fields. 
Retezat granite (Rt); Frumosu granite (Fr); Culmea Cernei granite (CC); Parâng 
granite (Pg); Furcătura granite (Fc). 
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The major elements geochemistry supports the essentially crustal, post-collisional origin 
of the Variscan Danubian granitoids, with dominantly Al-rich sources, although the contribution 
of variable fractions of mafic component can also be accommodated. 
 
Trace Elements and Isotopic Data 
Few detailed geochemical studies have been published on Variscan plutons from the 
South Carpathians. A preliminary data set published by Stremțan et al. (2011) on the Furcătura 
pluton argues for a heterogeneous source, primarily lower crustal, but with the addition of 
Figure 1.7. SiO2-K2O plot, of Pecerillo and Taylor (1976). The data are distributed 
predominantly among the calc-alkaline to high K calc-alklaine fields. Field symbols as in 
Figure 1.6 
21  
mantle-derived melts. The same authors report O stable isotope data obtained on quartz separates, 
which range from 7.37 to 11.59‰. This shows that, while crustal material involved in the 
melting process were volumetrically more significant, mantle melts have could have also 
contributed to the overall composition of the pluton. 
 
 
Delamination Model 
Many studies have shown that a key mechanism for generating significant volumes of 
granitic material is by way of intracrustal partial melting (e.g., Miller 1985; Petford & Atherton, 
1996), usually in the absence of excess fluid (Petford et al., 2000). In continental crustal settings, 
Figure 1.8. CaO/Na2O vs Al2O3/TiO2 plot for all studied granites. A clear tendency of increasing 
CaO/Na2O ratios as Al2O3/TiO2 ratios decrease is apparent. Fractionation vectors and basalt-pelite 
derived mixing curve are drawn after Sylvester (1998). Field symbols as in Figure 1.6. 
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the source materials that can yield large volumes of magmas (including peraluminous melts) 
include metapelites and plagioclase-poor metapelites, biotite-muscovite gneisses, and 
amphibolites, provided that adequate heat and fluids are available (amphibolites require higher 
temperatures to produce comparable melt fractions, Patiño-Douce (1999). The Neoproterozoic 
basement of the Alpine Danubian nappes has abundant pelitic to mafic lithologies in the 
metasediments of the Lainici-Păiuş terrane and the metabasic rocks of the Drăgşan terrane 
(Liégeois et al., 1996). To generate large volumes of granitic magmas, intrusion of- or 
underplating by hot mantle/lower crust-derived mafic magmas is often called upon as the most 
important heat source that promotes melting (e.g., Hildreth 1991; Petford & Atherton, 1996; 
Kemp & Hawkesworth 2003). Such a model is consistent with the post-collisional tectonic 
setting of the Variscan Danubian granitoids, wherein crustal retreat during exhumation of the 
Sebeş-Lotru terrane lithosphere may have allowed the lower crust of the Danubian domain to 
come into contact with hot asthenosphere. 
Delamination models have been proposed to explain decoupling between the crust and 
lithospheric mantle in the Arabian lower plate along the Main Zagros Thrust due to the very 
weak strength of the lower crust near the Moho (Bird 1978a). Delamination of continental crust 
induced by gravitational instability of the lithospheric mantle has also been posited for the 
Himalayas and Colorado Plateau (Bird 1978b, 1979). Delamination of the oceanic lithosphere at 
the onset of continental collision, and detachment of the subducted slab due to slab pull, has been 
suggested as one of the mechanisms acting in convergent settings. Extensional deformation in 
continental crust might occur as a result of ductile necking of the lithospheric mantle (e.g., the 
Appalachians during the Alleghanian orogeny), while the ongoing convergence induces 
gravitational collapse of the remaining crust back to edge of lower plate (Sacks & Secor 1990). 
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Nelson (1992) suggested a version of the Houseman et al. (1981) model incorporating collisional 
shortening, delamination and orogenic collapse. In this model, delamination of a thickened 
lithospheric mantle root is followed by extensional collapse and thermal subsidence. 
Delamination of the upper plate (Kay & Kay 1993), as is the situation in the South American 
plate overriding the flat subducting Nazca plate, or detachment of the oceanic lithosphere from 
the continental lithosphere during continental collision due to slab break-off (Davies & von 
Blanckenburg 1995), are also possible. Ducea & Saleeby (1998) as well as Zandt et al. (2004) 
presented models of foundering of the ultramafic root of the southern Sierra Nevada batholith. 
In a post-collisional tectonic regime, following crustal detachment, all these models result 
in the rise of the hot astenosphere accompanied by adiabatic decompression and partial melting 
at the base of the lower, thinned lithosphere or crust. Melting in the lower crust is maximized 
when these melts are confined to a limited vertical space (Dufek & Bergantz 2005). These 
models also accommodate heat advection into the crust from the underlying mantle, either by 
intrusions of basaltic magmas or by basaltic underplating. 
In the South Carpathians the following events are recorded: 350-320Ma continental 
subduction of the Cadomian Sebeş-Lotru terrane; 320-290Ma lateral retreat and exhumation of 
the Sebeş-Lotru terrane; and 317-286 Ma granitoid emplacement into the Danubian domain crust 
of peri-Amazonian provenance. The proximity of Cadomian and Avalonian terranes points to a 
Rheic suture between them. Since the geological features and literature data suggest a lower 
plate position for the Sebeş-Lotru terrane and an overriding plate position for the Danubian 
domain, the following sequence of events can be put forward: (1)- onset of collision between the 
Sebes-Lotru lithosphere and the Danubian lithosphere around 350 Ma; (2)- underplating of the 
Sebeş-Lotru lithosphere and concomitant delamination of the Danubian lithosphere along the 
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segment doubled by the subducted Rheic lithosphere; (3)- retreat and exhumation of the Sebeş - 
Lotru lithosphere between 320-290 Ma accompanied by asthenospheric upwelling toward the 
Danubian lower crust and synchronous post-collisional granitoid magmatism. A feature of the 
above model is the double delamination of the Danubian crust. The length of the delaminated 
segment is limited by the length of the flat subducted Rheic lithosphere segment that isolated the 
Danubian lithosphere against the asthenosphere and gravitationally destabilized it by modifying 
the geothermal gradient. In addition to these assumptions, following deposition of early Permian 
volcanogenic sequences, sedimentation ceases on the Danubian domain until the early Jurassic 
when resumes (e.g., Iancu et al., 2005). This suggests an elevated topography following 
delamination and granitoid intrusion, in accordance with the requirements of such a tectonic 
setting (Ducea 2011). 
Variscan post-collisional magmatism is quite widespread in the basement of the Alpine-
Carpathian belt (e.g., Finger et al., 1997 and references therein) and has also been described in 
the Getic-Supragetic basement (Duchesne et al., 2008), and further south, in the Balkans 
(Carrigan et al., 2005). Consequently it is likely that complex delamination mechanisms may 
have acted at the scale of the entire European Variscan belt. 
 
Conclusions 
Two major Variscan orogenic stages have been recognized in the South Carpathians, 
Romania: a collisional stage between 350 and 320Ma and an extensional stage between 320 and 
290Ma. During the first stage, the Sebeş-Lotru Cadomian terrane subducted beneath the 
Danubian domain terranes of Avalonian affinity, following the closure of the Rheic Ocean 
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between them. During this stage the Danubian lithosphere lost its mantle component but 
remained isolated from asthenosphere due to the underplated Sebeş-Lotru lithosphere. 
During the second stage the Sebeş-Lotru terrane was exhumed by lateral retreat 
followed by granitoid emplacement into the Danubian domain crust between 317 and 286 Ma. 
This process was triggered by asthenosphere rising during the extrusion of Sebeș-Lotru 
lithosphere. Thus, the granitoid emplacement setting is post-collisional and was generated 
dominantly by crustal partial melting induced by the heat influx provided by asthenosphere as 
basic magmas migration or through heat conduction. 
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CHAPTER TWO: 
PETROLOGY AND GEOCHEMISTRY OF THE LATE VARISCAN POST-
COLLISIONAL FURCĂTURA GRANITIC PLUTON SOUTH. CARPATHIAN MTS. 
(ROMANIA). 
 
Abstract 
The Neoproterozoic basement of the Danubian domain (Romanian Southern Carpathians) 
has been intruded by granitic plutons linked to post-collisional stages of two orogenies: an older, 
Pan-African group and a newer, late-Variscan group. In this contribution we report new bulk-
rock major and trace elemental data, and O, Sr, and Nd isotope ratios for the Furcătura Pluton, an 
exceptionally heterogeneous late-Variscan (Pennsylvanian), post-collisional pluton. 
The Furcătura pluton comprises alkaline and calc-alkaline granites (biotite-, biotite-
muscovite, and biotite-amphibole granite), granodiorites, and quartz monzonites, ranging from 
metaluminous to strongly peraluminous. Data suggest that Furcătura melts were formed in 
equilibrium with a garnet-amphibole restite, under pressure-temperature conditions outside the 
plagioclase stability field, implying that melting occurred at depths > 40 km. δ18O values on 
quartz range from 6.9 to 10.6‰, consistent with Sr-Nd isotopic results (87Sr/86Sr: 0.7056 to 
0.71121; 143Nd/144Nd: 0.51182-0.51207) indicating that melts with enriched-mantle affinities 
were likely involved. Subsequent interactions with crustal materials substantially influenced the 
geochemical fingerprint of the pluton. Its emplacement age and geochemical data suggest that 
during the latest stages of the Variscan orogeny, mantle-derived melts contributed to the 
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formation of granitic plutons. This implies that delamination processes very likely occurred 
during the post-collisional stage of the Variscan orogeny. 
 
Introduction 
The issue of granite petrogenesis plays an important role in our overall understanding of 
the growth and differentiation of continents, as well as in our ability to unravel the tectonic 
histories of orogenic belts. Understanding the origins of granitic rocks presents unique 
challenges, given that in many of the settings where granites are encountered, it is clear that their 
modes of formation can involve a spectrum of igneous and metamorphic processes that are not 
readily accessible for examination, either through the study of modern environments or via 
analogy to “classical” localities. The petrogenesis and emplacement of granites in post-
collisional tectonic settings is one of the thornier challenges, as these rocks appear to be derived 
via thermal and magmatic processes within highly deformed and compositionally diverse 
continental crust for which we lack a clear understanding. A number of unconventional and 
difficult-to-test mechanisms have been posited to drive crustal heating, melting, and subsequent 
pluton post-collisional emplacement. Although large volumes of granitic magmas have been 
emplaced in post-collisional settings, the complexities of the processes active in such settings 
make it challenging to put forward testable models that effectively combine available 
geochemical, petrologic, and geophysical data. Models for granite genesis away from plate 
margins (by means of crustal stacking, thermal blanketing, and internal heating from radioactive 
decay; delamination of the crustal lithosphere and juxtaposition of hot mantle melts at the base of 
the crust; underplating of mantle melts; or slab brake-off and upwelling of mantle melts) have 
been successfully applied in comparatively young orogenic regions, such as the Himalayas 
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(France-Lanord & Le Fort 1988), the Carpathians (Sperner et al., 2001; Seghedi et al., 2004), 
and Turkey (e.g., Altunkaynak & Dilek 2006). These models have proven challenging to employ 
in older orogenic belts, given their sometimes intricate tectonic and metamorphic histories, and 
the loss of pertinent evidence due to the effects of post-emplacement tectonic reworking, and 
often extensive alteration and erosion.  
A series of 285-330 Ma old granitic intrusives are exposed at the periphery of the 
Moesian Platform of SE Europe (Haydoutov & Yanev 1997). These exposures are due to largely 
Alpine age nappes and trusts common for the flanks of the Southern Carpathian Mts. in Romania 
(Balintoni et al., 2011, and references therein). These Variscan age granitic plutons are 
correlative to those described from the Iberian Peninsula (Fernández-Suárez et al., 2000 and 
references therein) and the Alps (Schaltegger 1997, and references therein) to the west, and 
through the Variscan granitoid belt of Bulgaria- the Balkan and Sredna Gora Mts. (Haydoutov & 
Yanev 1997; Carrigan et al., 2005). The Variscan magmatic belt may continue into Turkey and 
possibly further east (Topuz et al., 2010; Adamia et al., 2011; Rolland et al., 2011).  
The well-exposed granites in the Southern Carpathians have been mapped as part of the 
Danubian domain (Iancu et al., 2005; Balintoni et al., 2009, 2012) and were emplaced during 
Carboniferous to Permian times (essentially late-Variscan) as revealed by zircon U-Pb dating 
(Balica et al., 2007; 2013- submitted). The coherence of these units in terms of time of 
emplacement, affords the opportunity for in-depth study that can shed light on the temporal 
evolution of the continental crust in this region, and on the geodynamic processes that were 
active during the late stages of the Variscan magmatism in Southeast Europe. 
In this contribution we report new bulk rock major and trace elemental data, together 
with O, Sr and Nd isotope ratios for the Furcătura Pluton, one of the late-Variscan, post-
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collisional plutons outcropping within the Danubian domain. Although the pluton is 
volumetrically small, it is remarkably heterogeneous petrologically and geochemically, 
suggesting both mantle-derived and crustal materials contributed to its origin. Our results allow 
us to evaluate the role of crustal delamination both as a means for granite formation and as a 
phenomenon in the formation and evolution of the continental crust, in particular the crust that 
developed during the latest stages of the Variscan orogeny. 
 
Geological Setting 
The Romanian Southern Carpathians are an approximately 300km long, generally NE-
SW trending mountain belt defining the northern and western flanks of the Moesian plate. The 
present day tectonic arrangement was attained during the middle to Late Cretaceous phases of 
the Alpine orogeny, when two major systems of basement-cored overthrusts, with cover nappes 
sandwiched in between, were emplaced (see Berza et al., 1994 and Iancu et al., 2005). From its 
lowermost tectonostratigraphic unit, the Romanian Southern Carpathians include the Danubian 
nappe system, the ophiolite-bearing Severin-Arjana nappe complex, and the Getic-Supragetic 
nappe system (Figure 2.1), all tectonically overriding the Moesian platform. 
The Getic-Supragetic system consists of several medium- to high-grade Neopropterozoic-
Ordovician gneissic basement units of Cadomian- (N-E African) affinity, intensely reworked 
during the Variscan continental collision (Drăgușanu & Tanaka 1999; Medaris et al., 2003; 
Balintoni et al., 2009; Balintoni et al., 2010). These are unconformably covered by late 
Cretaceous to Permian clastic sediments of continental origin, and a transgressive late 
Cretaceous sedimentary cover (Săndulescu 1984; Balintoni 1997). The Severin-Arjana nappe 
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complex is described as a collection of accretionary wedge units underthrusted during the early 
Cretaceous-Aptian subduction of the Moesian plate (Seghedi & Oaie 1997). 
 
 
The Danubian nappe system units are exposed in a tectonic window referred to as the 
Danubian Window (Seghedi & Berza 1994). Each Danubian nappe consists of pre-Alpine 
basement metamorphic rocks, granitoids, and locally thin Paleozoic formations, overlain by low-
grade metamorphosed Mesozoic sequences (Berza et al., 1988a, b). The eastern border of the 
Danubian Window has been described as a low angle normal fault marking the Paleogene 
detachment of the overlying Getic-Supragetic nappe system, due to orogen-parallel stretching 
(Schmid et al., 1998; Fügenschuch & Schmid 2005). 
Figure 2.1. Schematized geological map showing the basement units of the Southern Carpathians and the 
distribution of the granitoid bodies within the Danubian terranes. Modified and simplified after Berza et al. 
(1994) and Seghedi et al, (2005). 
39  
For a long time it was believed that 
Furcătura and the neighboring Petreanu 
granitic plutons (Figure 2.2) constitute a 
single intrusive body, with petrological and 
geochemical features that implied different 
sources or different processes involved in the 
magmagenesis. Studies carried out in the ‘60s 
(Gherasi & Dimitrescu 1968, and references 
therein) argued that the Furcătura and 
Petreanu magmas were different in their 
petro-chemical characteristics, indeed. More 
detailed subsequent studies (e.g., Kräutner et 
al., 1981; Dimitrescu 1985; Andăr 1991) have 
provided geochemical and structural evidence 
that these plutons indeed represent two 
distinct magma types with distinct 
compositional and evolutionary histories, and specially separated by a narrow strip of 
Precambrian metasedimentary country rocks.  
The Furcătura pluton is volumetrically small (~42 km2), has a horseshoe shape, and 
intrudes lithologies of the Lainici-Păiuș and Drăgșan terranes (Figure 2.2). Accordingly, the most 
common country rock lithologies in the frame of the Furcătura pluton are: garnet-bearing mica 
schists, granulite-facies metamorphites (“leptynites”), amphibolite schists and gneisses, and 
quartz-biotite-bearing schists (Andăr 1991). 
Figure 2.2. Detailed map of the Furcătura pluton and the 
surrounding country rocks. Legend: 1) and 2) Zeicani 
series (micaceous para-gneisses and amphibolites and 
amphibolitic genisses); 3) and 7) Nisipoasa series 
(quart-biotite schists, amphibolites, garnet micaschists); 
4) Straja amphibolites; 5) Râușor series (quartz -, 
biotite, -muscovite- schists ± garnet); 6) Măgura Marga 
series (amphibolites); 8) Undifferentiated Quaternary 
sediments; 9) Furcătura plurton; 10) Petreanu pluton; 
11) Retezat pluton. Blue stars represent sampling 
localities. Map compiled after Berza et al. (1989). 
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Samples and Petrography 
The dominant rock types within the Furcătura pluton are granites sensu stricto (biotite- 
and biotite-muscovite granite, biotite-amphibole granite), with subordinate granodiorites (some 
of which exhibit gneissic textures) and quartz monzonites (Figure 2.3). Several generations of 
late magmatic, fine-grained aplite dykes crosscut the pluton, ranging in thickness from 
centimeters to meters. Most of these dykes outcrop on the NNW side of the pluton, close to 
contacts with the Nisipoasa Formation (comprising migmatites, augen gneiss, isolated 
amphibolites, and quartz-biotite schists). While the mineralogical composition of the aplites is 
monotonous (i.e., quartz, plagioclase and K-feldspar, muscovite and rare biotite), they preserve 
distinct textural and chemical features that allow them to be distinguished into several distinct 
generations. Throughout the pluton, but mainly in its marginal zones, small (5 to >10 cm thick) 
schistose enclaves are common. 
In all the granite varieties within the pluton, K-feldspar is more abundant than plagioclase 
(K-feldspar ranging from 47 to 36%), the latter dominating only in the granodiorites and 
sometimes in the quartz-monzonites. Microcline and orthoclase are the main K-feldspar phases 
in the Furcătura pluton. Orthoclase forms well developed inclusion-poor phenocrysts of 0.3 to 1 
cm-size, and is the primary K-feldspar in both biotite-bearing and biotite-muscovite-bearing 
granites, as well as in granodiorites in the interior of the pluton. However, orthoclase is all but 
absent in granodiorites and monzonites at the margins of the pluton.  
Microcline occurs as large, late-stage xenomorphic phenocrysts, often displaying 
characteristic tartan twinning. Larger grains enclose abundant plagioclase (often sericitized), 
rounded quartz, biotite, titanite, and epidote inclusions. Exolution features (perthites and micro-
perthites) are common, but restricted to crystal margins. Reaction rims (up to 0.5 mm thick), 
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composed of sericite, quartz, albite, and epidote surround some of those micro-perthitic in 
texture phenocrysts. 
 
 
Plagioclase ranges from oligoclase (An16-29) in the granites and granodiorites to andesine 
(An33-40) in the monzonites. The plagioclases are usually sericitized, and small calcite patches are 
seen to occur in An rich phenocrysts from the monzonites. They show occasional myrmekitic 
intergrowths, and polysynthetic twining. Andăr (1991) suggests the existence of two generations 
of plagioclase in the Furcătura granitoids- the first existing as small anhedral crystals that lack 
biotite inclusions, and a second generation of porphyroblastic, subhedral to euhedral plagioclase 
with well preserved, large prismatic crystals rich in biotite and quartz inclusions. In our samples 
Figure 2.3. Classification of the Furcătura granitoids based on CIPW 
normative calculations. Fields are after O’Connor (1965). Open 
triangles are samples collected for this study, while filled triangles are 
data published by Andăr (1991); crossed squares represent aplitic 
dykes. 
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the biotite lamellae in these second generation plagioclases also contain inclusions of zircon, 
apatite, ilmenite and titanite. In one sample garnet fragments are seen scattered along cleavage 
planes in the biotite inclusions. 
Quartz occasionally may occur as porphyroblasts, and also forms discontinuous bands or 
lenticular aggregates with irregular, fine-grained recrystallized margins. Most samples from the 
Furcătura pluton margins exhibit various amounts of moderate- to high temperature and pressure 
subsolidus deformation (e.g., rectangular “chessboard” subgrain development along quartz 
crystal boundaries (Kruhl 1996) and patchy and undulatory extinction). Quartz crystal size 
increases, and deformational features are less common near the pluton core. 
Biotite is the most abundant mafic mineral in the Furcătura pluton, but it is almost 
entirely absent from the late-magmatic aplites. Two generations of biotite are evident in all 
Furcătura lithologies, but the primary biotite varies with lithology: in the biotite- and biotite-
amphibole granites it is light-brown to reddish-yellow, with fine grained lamellae that often show 
alignment, minimal alteration and little inclusions. By contrast, the primary biotite observed in 
the biotite-muscovite granites is rich in zircon and rounded quartz inclusions, and tends to be less 
pleochroic under plane polarized light. Across the pluton, second-generation biotite is fine 
grained, light-green to blue, and forms mm-size aggregates.  
Muscovite is almost always restricted to the most leucocratic lithologies, the biotite-
muscovite granites and granodiorites. It occurs as millimeter to cm-size lamellae and lenses that 
are frequently aligned parallel to the foliation, and often are responsible for the gneissic fabric in 
the rocks. Small plagioclase, sub-rounded quartz and titanite are the most common inclusions in 
muscovite crystals. At the contact with the Nisipoasa Formation, small garnet fragments, biotite 
flakes, and rounded zircon grains are also scattered within the muscovite. Very fine-grained 
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secondary muscovite/sericite crystals derived from biotite and plagioclase are common in most 
Furcătura pluton samples. 
Hornblende is restricted to the biotite-amphibole granite and is rarely found as small 
individual crystals in quartz monzonites. It is light-green to brown, subhedral, and forms 
aggregates with biotite and titanite, and rarely with garnets and opaque minerals. Green-blue, 
millimeter-size individual crystals that show no pleochroism are found on the pluton margins, in 
close proximity to the host country rock. 
Titanite (up to 2% in modal abundance), garnet, zircon, ilmenite, and clinozoisite are 
common accessory phases identified in the Furcătura granitoids. In three granite samples, trace 
amounts of pleochroic, mm-size magmatic epidote was found. Some grains show strong zonation 
and allanite-rich cores (Stremțan et al. 2010). All were identified in samples that showed little to 
no chloritization of biotite and/or sericitization of plagioclase, which are common features 
associated with the likelihood of magmatic epidote (Zen & Hammarstrom 1984; Schmidt & Poli 
2004).  
There is little contact metamorphism on the edges of the Furcătura pluton, indicating a 
lack of thermal contrast between the granitic melts and the country rocks. Alteration effects (i.e., 
chloritization and formation of opaque minerals) are visible on the marginal zones of the pluton 
and are not restricted to a particular petrographic type. 
 
Analytical Methods 
Major and Trace Elements 
Whole-rock chemical analyses were carried out using the facilities of the University of 
South Florida’s Center for Geochemical Analysis. More than 3 kg of fresh rock was first crushed 
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using a WC jaw crusher and then milled to <200 mesh with an alumina dish-and-puck 
Shatterbox®. Sample powders were digested following typical LiBO2 fluxed fusion 
methodologies (modified from Kelley et al., 2003) to ensure complete digestion of zircon and 
other resistant accessory phases. Flux and sample, with a 4:1 ratio (total of ~ 1.0 g) were 
thoroughly mixed in a graphite crucible and fused in a muffle furnace at 1055° C for minimum 
of 15 min. The fusion beads were then dissolved in 50 ml of a 2% HNO3 solution spiked with 1 
ppm Ge as an internal standard, and 1000 ppm Li was added as a peak enhancer to minimize 
matrix and background effects. Sample solutions were diluted a second step to 10 000:1 for the 
major elements measurements. For the low abundance trace element and rare earth element 
(REE) analyses, solutions were diluted to 1000:1 with 2% HNO3 spiked with 10 ppb In as 
internal standard. Loss on ignition (L.O.I.) was determined gravimetrically by heating a separate 
aliquot of sample powder at 850° C for 3 hours. Major oxides and selected trace elements (Sr, Rb, 
and Zr) were analyzed via optical emission mass spectrometry (ICP-OES), while trace element 
measurements were carried on quadrupole inductively coupled plasma mass spectrometry (ICP-
MS).  
 
Oxygen Isotopes 
Oxygen isotope analyses were performed on quartz mineral separates at the Department 
of Earth and Planetary Sciences of the University of New Mexico (Albuquerque, NM, USA) via 
laser fluorination microsystem methodologies (CO2 laser and BrF5 fluorination agent; Sharp 
1990). Mineral separates were chosen over bulk rock powders in order to minimize the impact of 
sub-solidus alteration. Fresh rock samples were crushed and dry-sieved to size fractions of 500-
300 μm and appropriate quartz grains were hand-picked under a binocular microscope. The 
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grains were carefully inspected to avoid mineral inclusions, and samples were examined using a 
cathodoluminescence (CL) to identify any structures that might suggest recrystallization. All the 
separates were treated prior to analysis with cold HBF4 to remove any trace of adhering non-
quartz minerals. 
 
Strontium and Neodymium Isotopes 
Strontium (Sr) and neodymium (Nd) isotope separations and analyses were performed at 
the School of Earth and Environment, University of Leeds (UK). About 50 mg of powdered 
whole-rock material was dissolved for 48 hrs. on a hotplate (T~ 110ºC) in concentrated ultra-
clean HF-HNO3 = 3:1 acid cocktail, followed by subsequent drying and dissolution in ultrapure 
concentrated HNO3 and finally in HCl ( at <100ºC). Final dried samples were picked up in 2 ml 
of 2.5M HCl and Sr and Nd were extracted from these unspiked solutions by conventional ion-
exchange chromatographic techniques. Isotopic measurements were made by thermal-ionization 
mass spectrometry (TIMS) on a Thermo Finnigan Triton multicollector mass spectrometer 
running in static mode. Sr and Nd isotopic ratios were normalized for mass fractionation to 
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. Analyses of reference materials during the course 
of this study gave 87Sr/86Sr = 0.706638±7 (n=3) and 143Nd/144Nd = 0.512482±5 (n=2) for WSE 
Std. (Whin Sill dolerite); 87Sr/86Sr = 0.710273 for NIST SRM-987 (n=13) and 143Nd/144Nd = 
0.511835±5 (n=13) for LaJolla Std. All data were corrected to generally accepted values of 
87Sr/86Sr = 0.710248 for NIST SRM-987 (McArthur et al. 2000) and 143Nd/144Nd = 0.511853 for 
LaJolla (Weis et al. 2005). In-run precision, determined by repeat sample analyses, is typically 
better than 0.001% RSD. The total blanks for both Sr and Nd were negligible (<100 pg) during 
the measurement period. 
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Results 
Whole-rock Geochemistry 
Data for seventeen of the least-altered samples representing all of the petrological types 
in the Furcătura pluton are presented in Table 2.1.  
Overall, the whole-rock composition of the Furcătura granitoids ranges from intermediate 
to felsic (from 61.99 to 74.93 wt. % SiO2) and displays considerable heterogeneity. The majority 
of samples lie along the boundary between the calc-alkalic and alkali-calcic fields of Frost et al. 
(2001), with one of the biotite-amphibole granites straddling into the calcic field (Figure 2.4a), 
and range from metaluminous to strongly peraluminous (Figure 2.4b). The majority of samples 
lie along the boundary between the calc-alkalic and alkali-calcic fields of Frost et al. (2001), 
with one of the biotite-amphibole granites straddling into the calcic field (Figure 2.4a), and range 
from metaluminous to strongly peraluminous (Figure 2.4b).  
When plotted against SiO2, the Furcătura samples show considerable scatter (Figure 2.5). 
The quartz monzonites have an overall higher K2O/Na2O ratio and tend to plot separately on 
alkali versus SiO2 diagrams (Figure 2.5). TiO2, MgO, FeOt (total Fe), CaO, Al2O3, and P2O5 
contents decrease with increasing SiO2, Na2O is positively correlated with SiO2 and K2O shows 
scattered, but overall positive correlation with SiO2. Biotite- and biotite-muscovite granites have 
overall higher MgO, FeOt and Na2O, but lower K2O/Na2O ratios at the same SiO2 compositions, 
compared with the other petrologic types within the Furcătura pluton. The Furcătura granitoids 
show strong light rare-earth element enrichment in their chondrite normalized REE patterns, with 
relatively unfractionated heavy rare earth element abundances (Figure 2.6). 
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Figure 2.4. Plots of modified alkali-lime index (MALI – Figure 2.4a) and aluminum saturation index (ASI – Figure 2.4b) for Furcătura granitoids showing 
the various chemical magma types as defined by Frost et al. (2001). Symbols are as in Figure 2.3. 
(a) 
(b) 
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Figure 2.5. Harker diagrams for Furcătura granitoids. All major oxides elements are in wt%; trace elements 
are in ppm. Symbols are as in Figure 2.3. 
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Chondrite-normalized REE patterns and lower crust normalized incompatible trace 
element plots for the Furcătura granitoids are shown in Figure 2.6 and Figure 2.7, respectively. 
All but one of our samples lack Eu anomalies (Eu/Eu* ratios from 0.83 to 1.03 for the granitoids 
and from 0.91 to 1.65 for the aplites). [La/Yb]N ranges from 5.07 and 24.06 for the granitoids, 
and 1.19 to 14.38 in the aplites. As compared to lower crust averages, the Furcătura granitoids 
are characterized by greater degrees of enrichment in many large ion lithophile elements (LILE – 
Cs, U, K, Pb) relative to the REE or high field strength elements (HFSE – Nb, Ta, Zr, Hf, Ti) 
(Figure 2.7). 
Figure 2.6. Chondrite-normalized multi-element plot for Furcătura granitoids. Dashed lines 
are aplitic dykes. Normalizing values are those of Nakamura (1974). The inset is a plot of the total 
REE compositions (ΣHREE) against SiO2. 
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Figure 2.7. Lower crust-normalized trace element variation diagram for Furcătura granitoids. All 
samples are shown as lines, with the exception of the dykes, plotted as dashed lines. Dashed lines as 
in Figure 2.6. 
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Sample Rock type SiO2 TiO2 Al2O3 Fe2O3* MnO MgO CaO Na2O K2O P2O5 LOI FeOt Total A/CNK
010-21 granite 68.38 0.77 17.10 2.51 0.14 0.43 1.11 2.06 3.25 0.14 2.53 2.26 98.41 1.92
010-23 granite 74.21 0.16 14.21 0.49 0.04 0.08 0.83 3.50 4.40 0.07 1.04 0.44 99.03 1.18
010-24A1 granodiorite 69.66 0.35 16.83 1.06 0.06 0.16 2.68 4.06 3.19 0.19 0.98 0.95 99.22 1.12
010-24A granite 69.95 0.26 15.40 0.82 0.05 0.13 2.50 4.16 3.97 0.16 2.01 0.74 99.39 0.98
010-25 granite 71.44 0.32 15.56 1.09 0.07 0.17 2.56 4.19 2.88 0.17 0.73 0.98 99.18 1.06
010-26 granodiorite 71.42 0.31 15.85 0.96 0.06 0.15 2.68 4.16 3.55 0.17 0.25 0.86 99.56 1.02
010-27B granodiorite 66.89 0.89 16.54 2.80 0.17 0.58 2.49 3.68 1.91 0.22 1.87 2.52 98.04 1.31
010-28 aplite 74.93 0.04 14.38 0.16 0.02 0.01 1.20 4.79 3.59 0.04 0.21 0.14 99.37 1.03
010-30A aplite 74.56 0.11 15.53 0.30 0.02 0.07 0.81 3.43 5.62 0.06 0.17 0.27 100.69 1.18
010-30B granite 71.24 0.22 16.07 0.65 0.05 0.09 2.31 4.53 3.42 0.10 1.04 0.58 99.72 1.05
010-31A granite 74.22 0.05 14.40 0.18 0.03 0.02 0.92 4.61 3.74 0.03 1.21 0.16 99.41 1.08
010-31B aplite 71.17 0.26 15.73 0.70 0.06 0.10 2.07 4.49 3.34 0.11 0.89 0.63 98.92 1.07
010-32 granite 68.70 0.32 14.76 1.02 0.08 0.21 3.35 3.66 4.13 0.22 2.11 0.92 98.56 1.00
010-33 granodiorite 63.99 0.85 16.87 2.21 0.07 0.50 4.13 3.46 3.48 0.51 2.23 1.99 98.32 0.99
010-34 quartz monzonite 67.20 0.43 15.38 1.36 0.05 0.30 3.85 3.19 4.52 0.27 2.14 1.22 98.69 1.00
09-348 granite 67.51 0.32 15.58 0.94 0.06 0.16 3.50 4.22 3.02 0.19 3.04 0.85 98.53 0.99
09-350 quartz monzonite 67.18 0.45 15.93 1.34 0.06 0.31 2.97 3.25 4.75 0.26 2.09 1.21 98.58 0.94
Table 2.1. Whole-rock major (wt. %) and trace (ppm) element compositions of representative samples of the Furcătura pluton. 
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Sample Rock type Ba Rb Sr Zr Nb Ni Co Zn Th Ce Pr Nd Sm
010-21 granite 713 114 169 185 16 34 17 90 16 83 11 39 7
010-23 granite 680 128 362 74 20 99 2 30 12 20 3 9 2
010-24A1 granodiorite 958 119 634 123 11 20 4 50 8 35 5 17 4
010-24A granite 994 99 585 100 8 5 3 39 9 41 5 18 4
010-25 granite 845 140 598 116 12 45 4 71 11 46 6 21 4
010-26 granodiorite 1154 110 557 101 9 3 3 46 12 49 6 21 4
010-27B granodiorite 453 67 244 164 11 42 21 81 7 51 7 27 6
010-28 aplite 109 122 234 27 8 9 0 19 3 8 1 5 1
010-30A granite 2501 148 488 70 5 3 1 25 4 26 3 12 3
010-30B aplite 1338 96 711 109 9 5 2 50 6 49 6 21 4
010-31A aplite 105 125 221 25 13 5 0 28 3 8 1 4 1
010-31B granite 1062 111 635 115 11 5 2 49 6 45 6 20 4
010-32 granite 1197 138 695 113 20 5 4 57 15 56 7 24 5
010-33 granodiorite 1587 108 853 184 12 13 11 84 10 77 10 38 8
010-34 quartz monzonite 1619 130 747 157 10 11 6 53 19 89 11 37 7
09-348 granite 826 135 565 114 11 9 4 51 11 40 5 19 4
09-350 quartz monzonite 1716 127 732 128 11 10 7 53 16 72 9 30 6
Table 2.1. (continued) 
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 Sample Petrology Eu Gd Tb Dy Ho Er Yb Lu Y Cs Ta Hf U Pb Eu/Eu*
010-21 granite 1.5 5.8 0.9 4.5 0.7 2.2 2.2 0.4 28.3 2.1 1.5 5.2 1.6 22.5 0.69
010-23 granite 0.6 1.9 0.4 2.1 0.3 1.1 1.3 0.2 15.7 1.1 2.7 2.6 3.2 26.9 0.92
010-24A1 granodiorite 1.1 2.7 0.4 2.3 0.3 1.1 1.1 0.2 14.7 4.7 1.3 3.9 2.3 35.6 1.03
010-24A granite 1 2.6 0.4 1.9 0.3 0.9 0.8 0.2 12 3.4 0.9 3 2.1 17.7 0.96
010-25 granite 1 3.2 0.5 2.5 0.3 1.1 1.1 0.2 15 6.8 1.4 3.8 3.4 33.5 0.86
010-26 granodiorite 1 2.9 0.4 2.1 0.3 1.1 1 0.2 13.4 4.1 1 3.2 2.7 30.8 0.87
010-27B granodiorite 1.4 4.8 0.8 5 0.8 2.7 2.8 0.5 32.6 9 1 5.1 2.5 14.8 0.83
010-28 aplite 0.4 1.2 0.3 1.8 0.3 1 1.2 0.2 13.5 1.8 1.5 1.2 2.1 14.5 1
010-30A granite 1.2 1.6 0.2 1.3 0.2 0.6 0.6 0.1 8.4 0.9 0.5 2.2 1.2 28.3 1.65
010-30B aplite 1.1 3.1 0.5 2.4 0.3 1.1 1 0.2 15.4 1.3 0.8 3.4 1.3 23 0.97
010-31A aplite 0.3 1 0.3 1.8 0.3 0.9 1.1 0.2 13.3 0.8 1.9 1.4 1.7 18.1 0.91
010-31B granite 1 2.7 0.4 1.9 0.3 0.9 0.8 0.1 11.7 1.3 0.9 3.6 1.2 18.3 0.97
010-32 granite 1.2 3.6 0.5 2.7 0.4 1.3 1.3 0.2 16.4 4.2 2 3.7 5.8 35.7 0.89
010-33 granodiorite 1.9 6.1 4.7 0.6 2 1.7 0.3 25.9 2.1 0.6 5.4 1.1 22.4 0.83
010-34 quartz monzonite 1.6 4.9 0.7 3.4 0.5 1.5 1.3 0.2 18.6 1.8 0.6 5.1 1.4 17.1 0.86
09-348 granite 1 2.9 0.5 2.4 0.3 1.1 1.1 0.2 14.6 6.9 1.3 3.9 2.7 19.5 0.92
09-350 quartz monzonite 1.5 4.1 0.6 2.9 0.4 1.3 1.3 0.2 16.7 2 0.8 4.1 1.2 22.5 0.9
Table 2.1. (continued) 
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Isotope Geochemistry 
Oxygen isotope results on quartz separates and whole-rock 87Sr/86Sr and 143Nd/144Nd 
ratios for representative Furcătura granitoids samples are given in Table 2.2 and Table 2.3, 
respectively. The initial radiogenic Sr and Nd isotope ratios for all samples presented in this 
study were calculated using U-Pb zircon age of 317±2.8 Ma as the mean crystallization age as 
reported in Balica et al. (2013). 
Initial 87Sr/86Sr and 143Nd/144Nd ratios 
were determined for 4 samples and range from 
0.7056 to 0.71121 (average of 0.70715) and 
0.51182 to 0.51207 (average of 0.51197), 
respectively. While our dataset is limited, as 
compared with data for other European 
granitoids the distribution of our samples 
points to two potential assimilants (Figure 2.8): 
a lower crustal lithology, characterized by 
substantial variations of the εNd at close-to-mantle values of the initiial 87Sr/86Sr; and a crustal 
material, dominated by elevated 87Sr/86Sr and low εNd. 
The oxygen isotope (δ18O) composition of 14 quartz separates from the Furcătura 
granitoids are presented in Table 2.2. Most of the granitoids have δ18O values ranging from 6.52 
to 10.59‰ (average of 9.11‰), consistent with a sedimentary protolith, while the two 
granodiorite samples preserve lower δ18O values (6.92 and 7.37‰), closer to a mantle-like 
composition. 
Sample Rock type SiO2 δ18O
010-21 granite 68.38 9.9
010-23 granite 74.21 8.44
010-24A1 granodiorite 69.66 9.58
010-24A granite 69.95 8.76
010-25 granite 71.44 9.57
010-26 granodiorite 71.42 8.84
010-27B granodiorite 66.89 7.37
010-28 aplite 74.93 10.11
010-30A aplite 74.56 10.38
010-30B granite 71.24 8.86
010-31A granite 74.22 10.21
010-31B aplite 71.17 10.59
010-33 granodiorite 63.99 6.52
010-34 quartz monzonite 67.20 8.48
Table 2.2. Oxygen isotope data of quartz separates from 
selected samples of the Furcătura pluton. 
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Discussion 
P-Tº Conditions of Granitoid Formation 
Zircon saturation thermometry (Watson & Harrison 1983; Hanchar & Watson 2003) 
applied to the Furcătura granitoids yield temperature estimates ranging from 648 to 849 °C. As 
Balica et al. (submitted) have shown that zircons extracted from Furcătura granitoids have 
various degrees of inheritance, the calculated temperatures might to some extent be 
Figure 2.8. εNd vs 87Sr/86Sri for Furcătura pluton calculated as initial values for the 
crystallization ages proposed by Balica et al. (submitted). Plotted for comparison are 
isotopic values for other similar age Variscan plutons: blue field represents the South 
Bohemian batholiths (Vellmer & Wedepohl, 1994); green field represents the Galicia-N 
Portugal granites (Villaseca et al. 2009); orange field represents the Spanish Central 
System (Villaseca et al. 2009); red field represents the Sichevița and Poniasca plutons of 
Getic-Supragetic domain of Romanian Southern Carpathians (Duchesne et al. 2007). 
Compositional trends for lower and crustal lithologies are not at scale 
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overestimated (e.g., Miller et al., 2003). However, as the Zr contents of our samples are 
generally low (ranging from 25 to 185 ppm), our calculated temperatures should be a good proxy 
for crystallization temperatures in the Furcătura magmas.  
 
 
Ti-in-zircon thermometry applied to Furcătura zircons (e.g., Stremțan et al., 2012) shows 
that both their magmatic overgrowths and inherited cores record similar temperatures (690 to 
750 °C and 730 to 780 °C, respectively), slightly lower, but in general agreement with zircon 
saturation temperatures. 
Figure 2.9. Compositional variations of the Furcătura granitoids compared 
with experimental melts of meta-sediments, similar with the average 
composition of the Furcătura country rocks. The “low pressure” (P ≤ 5 kbar) 
and “high pressure” (P= 12-15 kbar) lines as well as the fields (vertical hatch 
for felsic pelites, diagonal hatch for greywackes, and horizontal hatch for mafic 
pelites) are from Patino-Douce (1999). Symbols as in Figure 2.3. 
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The bulk-rock chemical compositions of granitoids can also be used to infer pressure-
temperature conditions at the time of pluton formation (e.g., Patiño-Douce & Beard 1995; 
Patiño-Douce 1999; Jung & Pfänder 2007, and references therein). The compositions of 
Furcătura granitoids describe trends consistent with the dehydration-melting of heterogeneous 
sources at high pressures (P≥1.2 GPa: Patiño-Douce 1999; Figure 2.9) arguing for source melts 
derived from deep crustal levels. These pressures are also consistent with trace element 
constraints on the fractionating mineral phases, discussed below. 
Quartz grains in samples from the country rocks surrounding the pluton often exhibit 
prism- and basal-parallel subgrain boundaries forming “chessboard” patterns, indicative of 
temperatures in excess of 650 °C, and moderate to high pressures (Kruhl 1996; Florisbal et al., 
2012). This finding is in agreement with the lack of contact aureoles around the pluton, and 
argues for the absence of a significant temperature gradient between the intruding Furcătura 
magmas and the host country rocks at the time of pluton emplacement. 
 
Petrogenesis 
Petrographic results from our Furcătura granitoid thin sections indicate that these rocks 
have undergone varying degrees of sub-solidus alteration (e.g., sericitization of plagioclase, 
chloritization and opaque mineral formation on biotite and hornblende). However, the alkaline 
Sample Rock type
87Sr/86Sr±2σ 
measured
87Sr/86Sr initial
143Nd/ 144Nd±2σ 
measured
143Nd/ 144Nd 
initial
εNd
010-30B granite 0.707428±11 0.705663 0.512075±8 0.511829 -7.83
010-31A granite 0.718634±10 0.711212 0.512386±6 0.511956 -5.35
010-32 granite 0.708191±7 0.705609 0.512331±5 0.512073 -3.06
010-34 quartz monzonite 0.708405±5 0.706139 0.512256±6 0.512029 -3.92
Table 2.3. Radiogenic (Sr and Nd) isotope composition of the Furcătura granitoids. Initial ratios were calculated 
for 317 Ma, assumed to be the crystallization age proposed by Balica et al. (submitted). The calculations were 
carried out using the GCDkit software package of Janoušek et al. (2006). Given uncertainties are 2σ 
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elements K, Ba and Rb, which are sensitive to remobilization and loss during alteration, show no 
clear evidence of secondary losses or gains (e.g., Figure 2.4 and Figure 2.10a). Clear positive 
correlations between Zr and other incompatible elements (e.g., K, Ba, Rb, La, Ce, Y, Hf, and V; 
Figure 2.5) suggest that sub-solidus processes have not significantly modified their original 
concentrations (Rollinson 1993). 
Most of the Furcătura granitoid samples are high-K calc-alkaline, and metaluminous to 
mildly peraluminous in character (ASI parameter of Frost et al. (2001): 0.75 to 1.63). Both 
experimental and field evidence (e.g., xenoliths, associated mafic magmatism, or mafic 
microgranular enclaves: Barbarin & Didier 1993) indicate that granitoids of this character can be 
easily derived from lithologies such as likely to reside in the lower continental crust +/- the upper 
mantle, and as such, post-collisional tectonic settings are suitable venues for their formation 
(Roberts & Clemens 1993; Ferré & Leake 2001; Bonin 2004; Almeida et al., 2007; Karsli et al., 
2010; Eyal et al., 2010; Dokuz 2011, etc.). 
The combined field, petrologic, and geochemical data presented here (e.g., the absence of 
strong linear correlations between most of the major elements and SiO2 – Figure 2.5) argue 
against the contention that the Furcătura granitoids were derived from a compositionally uniform 
source via variable degrees of fractional crystallization, but instead suggest some level of source 
heterogeneity. Low Al2O3/TiO2 at high CaO/Na2O (Figure 2.11) is consistent with the 
involvement of possible mafic source materials, and implies that for the Furcătura granitoids 
magmatic sampling of several sources with distinct chemical composition may have been 
involved. This characteristic has been recognized elsewhere in the European Variscan plutons 
(e.g., Cocherie et al., 1994; Azevedo & Nolan 1998; Gerdes et al., 2000; Janoušek et al., 2004) 
and seems to be typical of late orogenic, post-collisional magmatism.  
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In Figure 2.11, the Furcătura granitoids plot outside a field consistent with average 
Danubian country rock composition, but instead appear to form a broad mixing array between 
enriched mantle-derived and crustally-derived melts. The array defined by our samples further 
supports the idea of source heterogeneity in the formation of the Furcătura granitoids.  
U-Pb ages of inherited zircons preserved in Furcătura granitoids broadly agree with age 
models based on detrital zircons from the other Danubian basement terranes (corresponding to 
Pan-African orogenic events), including the country rocks surrounding the pluton (Balintoni et 
al., 2009; Balintoni et al., 2011; Balica et al., submitted). 
The presence, albeit in limited amounts, of xenocrystic zircons in Furcătura granitoids 
indicates that supra-crustal materials (i.e., sediments) were involved to various degrees in the 
generation of these granitoids (Paterson et al., 1992; Fedo et al., 2003; Bea et al., 2007). Our 
stable and radiogenic isotopic for Furcătura granitoids provide additional support for this 
contention. Two Furcătura granodiorite quartz separates have δ18O of 6.5‰ and 7.4 ‰, 
respectively, comparatively closer to the average values of mantle-derived melts (≈5.3± 0.3‰; 
Valley et al., 2005). 
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Figure 2.10. Trace element variations (Ba vs. SiO2 (a); and [Dy/Yb]N vs. [La/Yb]N (b)) of the Furcătura granitoids. The trend of fractional crystallization of 
several mineral phases are also plotted (vectors are not at scale). Symbols as in Figure 3.Normalization values are after Nakamura (1974). 
(a) (b) 
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The remaining samples, all higher in SiO2, range from 8.44‰ to 10.59 ‰, values 
consistent with sedimentary/crustal sources (Figure 2.12). Although the O isotope signatures 
from the two granodiorites are higher than those of pristine mantle melts (Bindeman 2008), it is 
reasonable to assume that they indicate at a mantle affinity for at least one of the sources that 
contributed to the formation of the Furcătura granitoids.  
Figure 2.11. CaO/Na2O vs Al2O3/TiO2 plot. The “MORB” (red rectangle) composition is compiled from 
GERM database http://earthref.org, and “Pelite-derived melt” (green rectangle) field is from Patiño-
Douce and Johnston (1991).The compositions of the eclogitic amphibolites (blue rectangle) likely part of 
the lower plate involved in the Variscan collision (Medaris et al. 2003), and the average composition of 
country-rock metasediments (orange rectangle) are also shown 
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In a polymineralic intermediate-to-felsic rock, the mineral constituents vary in their O 
isotope signatures becoming isotopically lighter from highly polymerized phases such as quartz, 
to simpler structures such as magnetite. Quartz tends to have higher O isotopic ratios than the 
bulk-rock from which it is derived (Bindeman 2008). Excursions from the δ18O values of the 
mantle in felsic rocks are generally attributed either to low-temperature interaction of the rocks 
with meteoric waters or to mixing with supra-crustal melts (Sharp 2007, and references therein). 
Because quartz is more robust than other minerals in preserving its original δ18O values even 
during hydrothermal alteration (e.g., Blattner et al., 2002, Fourie & Harris 2011), the heavy δ18O 
of some of our samples may indicate that their protoliths, have interacted to some degree with 
meteoric water in a supra-crustal environment (e.g., James 1981). Heavy δ18O values like those 
Figure 2.12. Variation diagram of δ18O values of quartz separates versus 
SiO2for Furcătura granitoids. 
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in Furcătura samples, have also been observed in connection with the involvement of 
(meta)sedimentary protoliths in melt generation in other Variscan plutons in Europe (e.g., 
Cocherie et al., 1994; Vellmer & Wedepohl 1994, Neiva et al., 2004), as well as in various 
localities around the world (e.g., Ducea & Barton 2007; Blattner et al., 2002). 
The Sr and Nd isotope data for Furcătura granitoids are consistent with protoliths similar 
to those inferred from the O isotope data. The samples span from more radiogenic compositions 
(87Sr/86Sri in excess of 0.7112 and εNd of -5.35; Figure 2.8) consistent with supra-crustal 
provenance, to comparatively unradiogenic initial 87Sr/86Sr ratios of 0.7056 to 0.7061 and εNd of 
-1.97. While these values are more radiogenic than those characteristic for modern MORB 
mantle (Salters & Stracke 2004), they are significantly less radiogenic than values derived from 
(meta)sediments, therefore suggesting that while the Furcătura granitoids might not involve 
direct melts derived from a depleted MORB-like lithospheric mantle source, they may include 
melt contributions from mantle sources that were previously enriched, possibly during past 
subduction episodes. The mantle enrichment via past subduction events is well established in 
younger settings (e.g., Stern et al. 1990; Luhr 1992; Hochstaedter et al., 1996; Peccerillo 1999). 
Pinarelli et al. (2002) have documented such interactions between enriched mantle and crustal 
lithologies in the Permian (i.e., late-Variscan) granitoids and associated gabbros from Southern 
Alps, in a setting defined by shallow-level emplacement of plutons in an extensional regime. 
With the exception of one granodiorite, all the Furcătura granitoids lack negative Eu 
anomalies (Eu/Eu* ~ 1; Figures 2.6 and 2.13).  
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Girardi et al. (2012) have shown that the lack of negative Eu anomalies in granites can be 
linked to crustal melting at depths in excess of 40 km. Pressures calculated using 
thermobarometers on eclogite bodies preserved within the Sebeș-Lotru terrane (the hypothetical 
lower plate during the Variscan collision) show that pressures in excess of 2.2.-2.4 GPa and 
minimum temperatures of 750 °C were common for the region of Furcătura granitoids (Săbău 
2000; Săbău & Massonne 2003; Medaris et al., 2003). Thus, eclogite-facies lithologies, rather 
than granulite-facies may be the likely sources for the Furcătura granitoids. The contributions of 
granulite-facies lithologies that generally include abundant plagioclase feldspar should be 
reflected in clear negative Eu anomalies in any melts separated from them, making them non-
viable as candidates for Furcătura melt sources. Another parameter that argues against 
Figure 2.13. Variation of the Eu anomaly (plotted as Eu/Eu*) against SiO2 
composition for Furcătura granitoids. 
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plagioclase involvement in melt generation is the overall high Sr/Y ratios for the Furcătura 
samples, of up to 57.9 (average Y = 16.8ppm). On Sr/Y vs. Y covariation diagram (Figure 2.14), 
Furcătura granitoids overlap the field of “adakites”, rocks inferred to be melts in equilibrium 
with plagioclase-poor, garnet-amphibole rich restite (e.g., Defant & Drummond 1990). Moyen 
(2009) has proposed several mechanisms for generating high Sr/Y ratios in granitic melts: 1) 
melting of Sr-rich, Y-poor protoliths; 2) garnet (deep) fractionation during melting; and 3) 
interactions with the mantle. 
The lack of negative Eu anomalies associated with melting feldspathic sources or the 
fractionation of plagioclase during magma evolution, coupled with intermediate δ18O values and 
generally lower 87Sr/86Sr ratios than expected solely from melting of sedimentary protolith, 
preclude melting feldspar-rich sources to account for high Sr/Y ratios. While melting of 
amphibolitic compositions (such as inferred by Medaris et al. (2003) to reside within the lower 
plate during the Variscan collision in the Southern Carpathians) could eventually yield similar 
Sr/Y ratios to those of the Furcătura samples, but would entail temperatures well in excess of 
900°C to ensure a lack of Eu anomalies (e.g., Rapp et al., 1991). Despite possible evidence for 
amphibole fractionation (e.g., concave upward trends for the chondrite-normalized REE patterns 
- Figure 2.6) we argue that amphibole was not the primary constituent of the melt residue, as 
negative correlations between [Dy/Yb]N and [La/Yb]N are not observed (Figure 2.10b; Davidson 
et al., 2007). As amphiboles tend to be a sink for MREE and to lesser extent for HREE, 
fractionation of large amounts of amphibole would drive the Dy/Yb ratio down, while increasing 
the La/Yb ratio. Furthermore, modeling the behavior of Sr and Y (Figure 2.14) shows that for an 
amphibole/garnet ratio lower than 1 relatively low degrees of partial melting (<10%) would be 
required to account for the observed Sr/Y variation. Such a low melt fraction would translate into 
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considerable enrichments in incompatible trace element concentrations and much higher La/Yb 
ratios, both of which are not evident in the Furcătura granitoids. 
 
 
Excluding the aplites, the Furcătura granitoids show strong negative correlations between 
SiO2 and ƩHREE (Figure 2.6 inset), negative correlations of Dy/Yb ratios with SiO2, and good 
correlations between [Dy/Yb]N and [La/Yb]N (Figure 2.10b). Both the HREE and MREE 
strongly partition into amphiboles and garnet. Field and experimental data (Gromet & Silver 
1987; Kay et al., 1994; Romick et al., 1992; Bea et al., 1994; Klein et al., 2000) have showed 
that the removal of garnet and to some degree, amphibole, is responsible for the HREE 
Figure 2.14. Sr/Y vs Y diagram for the Furcătura samples. Starting composition 
used in the models is a mantle range compiled from GERM database 
http://earthref.org. The gray area represents the “adakite” field of Drummond & 
Defant 1990) 
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depletions in granitic melts. According to Wolf & Wyllie (1993) increases in residual garnet 
abundance is pressure-dependent, consequently at greater depths the fraction of residual garnet 
can constitute up to two thirds of the mineral assemblage. Our results indicate that residual 
garnet should likely have accounted for at least 70% of the residual mineral assemblage to 
generate the Sr/Y and La/Yb ratios observed in Furcătura samples. 
The more mantle-like δ18O values of quartz separates from Furcătura granodiorites, and 
the low 87Sr/86Sri ratios (lowest value of 0.7056) of these samples argue for the involvement of 
an enriched mantle component in the formation of the pluton. In contrast, its high-K, mildly 
peraluminous character, its high P contents, low Nb/U (3.46 to 11.65) and Ce/Pb (0.42 to 5.20), 
and higher δ18O values, and the more radiogenic Sr and Nd isotopic composition of some of the 
samples show that the Furcătura pluton was not built up solely by the fractional crystallization of 
mantle-derived melts under garnet-amphibole P/T conditions, but that interaction with and 
contamination via crustally-derived magmas was likely a primary mechanism responsible for the 
formation of the pluton. Absent good data for the chemical characteristics of the Danubian 
basement, the interaction of mantle- and crustally-derived materials in the formation of the 
Furcătura pluton is difficult to evaluate thoroughly. However, such an interaction implies that 
subsequent to peak regional metamorphism, likely induced by crustal thickening (Medaris et al., 
2003; Balica et al., submitted), the Danubian basement was in direct contact with mantle-derived 
melts which not only provided the heat required to promote the melting of crustal lithologies, but 
also contributed to the formation of juvenile continental crust. 
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Timing of the Pluton Emplacement and Comparison with the Variscan Events from 
Central-Western Europe  
Previous work on Danubian domain granitoids have proposed, based on field evidence 
and stratigraphic relationships, pre-Variscan emplacement ages (Soroiu et al., 1970; Soroiu et al., 
1972; Grünenfelder et al., 1983; Andăr 1991). Until recently, the age of the Furcătura granitoids 
was believed to be Lower Paleozoic (Soroiu et al., 1970; Andăr, 1991) or Neoproterozoic (Berza 
et al., 1989). New LA ICP-MS zircon U/Pb ages (Balica et al., submitted) argue for a much 
younger, Upper Paleozoic (Late Carboniferous) age of 317±2.8 Ma, in agreement with other 
Variscan-age dates recorded in several other plutons intruding the Danubian basement (Balica et 
al., 2007.), as well as other Variscan plutons in the Balkans (e.g., Carrigan et al., 2005, 
Dyulgerov et al., 2010). 
These new age data have led to the recognition of two Variscan orogenic stages, recorded 
within the Danubian terranes ( Balica et al., submitted): an older collisional stage, during which 
the Sebeş-Lotru terrane (Figure 2.1) was subducted beneath the Danubian domain, and during 
which eclogite-facies P-T conditions were reached (Drăguşanu & Tanaka 1999; Săbău 2000; 
Săbău & Massonne 2003; Medaris et al., 2003); and a younger, extensional stage, characterized 
by the exhumation and lateral retreat of the Sebeş-Lotru terrane, followed by the intrusion of 
numerous granitic plutons in the basement of the Danubian terrane. These Variscan orogenic 
stages as denoted in the rocks of the Danubian domain can be traced further south in the Balkans 
(Carrigan et al., 2005; Dyulgerov et al., 2007; Dyulgerov et al., 2010) 
Post-collisional magmatism in association with the Variscan orogeny is rather common in 
the Alpine-Carpathian belt. As compared with data from the literature (e.g., Finger et al. 1997; 
Massonne 2005; Carrigan et al., 2005), the ages recorded by the Furcătura granitoids, as well as 
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those of most of the other Variscan age Danubian plutons (Balica et al., 2007; submitted) 
postdate the peak metamorphic event in the Variscan collision, indicating that these plutons were 
emplaced in a post-collisional environment. 
 
Geodynamic Implications 
A major constraint arising from the geochemical signatures of the Furcătura granitoids is 
that the source regions for these magmas were situated at crustal depths greater than the stability 
field of plagioclase. At such depths the mineral assemblage would be dominated by garnet and 
amphibole, and the trace element signatures of the melts would be dependent on the proportions 
of these two minerals in the residual crustal assemblages. Accordingly, modeling the conditions 
of generation and the subsequent evolution of the Furcătura granitoids must take into account the 
PT conditions indicated by these findings. 
A commonly posed mechanism for generating granitoids in post-collisional settings is 
fluid-fluxed crustal melting promoted by the decomposition of hydrous minerals (Wyllie 1977, 
1984; Clemens & Vielzeuf 1987; Patiño-Douce & Beard 1995; Patiño-Douce 1999). Our data 
supports the hypothesis that dehydration melting was likely involved in the generation of the 
Furcătura granitoids. On the other hand, our results do not support models for melting associated 
with thermal blanketing and radioactive heating of significantly thickened crust (i.e., the lack of 
clear S-type characteristics for the Furcătura granites as well as the low K, Th, and U content of 
the country rocks (Andăr 1991)), or other mechanisms that might rule out heat contributions 
from the mantle. Overall the trace element, O stable isotope and Sr-Nd isotopic characteristics of 
the Furcătura granitoids point to an origin involving the partial melting of a mafic, likely mantle-
derived source at pressures high enough to stabilize a garnet + amphibole residuum poor in 
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plagioclase, which imply minimum pressures of 1.2 GPa (Girardi et al., 2012). These melts 
subsequently interacted with crustal melts, but without ascending to higher levels within the crust. 
If that had been the case, interaction with more felsic shallow lithologies would have resulted in 
more radiogenic and heavier δ18O signatures, coupled with a more peraluminous mineralogy and 
melt chemistries (Pin & Duthout 1990; Pinarelli et al., 2002). Another consequence of melt 
ascent to upper crustal levels would have been interactions (i.e., mixing) with lithologies rich in 
clays. The Rb, Ba and Sr abundance systematics of the Furcătura samples fall within the “clay-
poor sources” field of Sylvester (1998; Figure 2.15). In fact, our Furcătura granitoids plot on a 
mixing curve between MORBs (value compiled from GERM database) and the average 
composition of some of the country rocks intruded by the same pluton (Figure 2.15). The 
contribution of a mafic protolith of mantle origin could imply that the heat needed for partial 
melting of the crust was supplied by advection of mantle-derived melts at the base of the crust 
(e.g., Kay & Mahlburg Kay 1993). In a post-collisional setting, there are two scenarios in which 
such interactions could occur: sequential underplating of basaltic magmas (e.g., Huppert & 
Sparks 1988; Bergantz 1989; Petford & Atherton 1996; Petford et al., 2000; Dufek & Bergantz 
2005), or delamination of the crust (Ducea et al., 2011 and references therein), associated with 
the upwelling of mantle material. Such delamination events are not necessarily large-scale 
phenomena affecting the entire orogenic front, but may be discrete events of crustal foundering, 
during which the upwelling of mantle material is sequential (e.g., Diez et al., 2009).  
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Underplating of basaltic magmas at the base of the crust is believed to produce 
exclusively metaluminous granitoids with “I-type” characteristics (Petford & Atherton 1996). 
These melts are dominated by subalkaline rocks with overall low HREE contents, and trace 
element signatures revealing melting in equilibrium with a garnet-clinopyroxene-amphibole 
residue. Dufek & Bergantz (2005) have shown that intrusion of basaltic dykes at the base of the 
crust limits the amount of melt that can be produced as well as the mobility of these melts. Thus, 
at depths corresponding to stability fields of garnet-amphibole assemblages, melts are largely 
Figure 2.15. Rb/Ba vs Rb/Sr covariation for selected Furcătura samples showing 
the mixing between two end members: MORB (average value compiled from 
GERM database http://earthref.org) and the average composition of felsic country 
rocks (from Stremtan et al., 2010). The “clay rich” and “clay poor” fields are 
after Sylverster (1998). 
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confined to a narrow vertical zone that limits the degree to which they can interact with crustal 
lithologies and produce the Sr and O isotopic characteristics observed in Furcătura granitoids. 
Crustal delamination that juxtaposes hot mantle and mantle-derived melts with the base 
of the crust will produce melts with compositional trends that are distinguishable from those 
generated in crustal thickening- or subduction-related scenarios, in that the chemical signatures 
from that mantle source will be evident (e.g., Ducea & Saleeby 1998; Massonne 2005). 
Delamination requires that the lowermost portion of the crust reach eclogite facies conditions 
(Ducea 2011), becoming denser than the underlying lithospheric mantle. Solid petrologic and 
textural evidence bolster P-T calculations arguing that the lower plate involved in the Variscan 
continental collision in which the Danubian domain was the upper plate underwent extensive 
eclogitization (Săbău 2000; Săbău & Massonne 2003; Medaris et al., 2003). The petrologic 
expression of crustal delamination is a magmatic sequence dominated initially by melts with a 
strong mantle-derived geochemical and isotopic signature, followed in time by a shift towards 
more crustally-dominated signatures with varying degrees of mantle contamination, as observed 
in granitic plutons described in younger collisional orogens such as eastern Turkey (Topuz et al., 
2005; Karsli et al., 2010) and eastern and southeastern China (Xu et al., 2002; Wang et al., 2004). 
These rocks are initially intermediate in composition, moving toward felsic compositions with 
more extensive crustal involvement over time; they are metaluminous to peraluminous and 
define calc-alkaline to high-K calc-alkaline differentiation trends. Enrichments in alkalies and 
other LILE can develop with the melting of previously subduction-modified mantle components, 
or of subduction-related crustal lithologies. Elevated Sr, Sr/Y, La/Yb, and LREE abundances, 
and distinctively low HREE and HFSE abundances are typical of these types of rocks, with little 
or no evident Eu anomaly in their REE patterns. Furcătura granitoids share this suite of 
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geochemical features, with high Sr/Y and La/Yb ratios, fractionated REE patterns, and 
radiogenic and stable isotopic compositions ranging from more mantle-like values to values 
characteristic for crustal melts. The tectonic arguments made for this region also support such an 
origin, as there is strong evidence for the assertion that the latest phase of the Variscan orogeny 
was accompanied by extension and rapid exhumation, consistent with the geomorphic 
indications for crustal delamination that have been observed in other orogens (Ducea et al., 
2011). This evidence includes a sedimentary hiatus within the Danubian domain that started in 
early Permian and lasted through the early Jurassic (Iancu et al., 2005), consistent with rapid 
uplift following the hypothesized delamination event. 
 
Conclusions 
• Granitoids of the Furcătura pluton were emplaced during the late stages of the Variscan 
orogeny (~Pennsylvanian) in a post-collisional setting, most likely during an extensional 
regime characterized by pervasive intrusion of granitic plutons in the basement of the 
Danubian terrane.  
• Furcătura granitoids range from biotite-, biotite-muscovite-, and biotite-hornblende 
granites, to granodiorites and quartz monzonites. They are calc-alkalic and alkali-calcic, 
and metaluminous to mildly peraluminous. Trace elemental data suggest that they were 
formed in equilibrium with a garnet-amphibole restite, under pressure-temperature 
conditions deeper than the plagioclase stability field, implying that the melting took place 
at depths in excess of 40 km. Stable and radiogenic isotope data suggest that a protolith 
was of (possibly enriched) mantle affinities, and that the melts were subsequently 
contaminated in various degrees by deep crustal lithologies. 
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• Delamination of the continental crust, rather than underplating of basaltic magmas at the 
base of the crust, appears to be the most plausible mechanism to supply both the melts 
and the heat required to promote granitic melting in the Danubian lower crust. Although 
the age of the pluton indicates that the convergence had already ceased in this region, 
melts derived from previously metasomatized mantle may have affected the chemical 
compositions of these post-collisional magmas 
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CHAPTER THREE: 
POST COLLISIONAL MAGMATISM ASSOCIATED WITH VARISCAN OROGENY IN 
THE DANUBIAN DOMAIN (ROMANIAN SOUTHERN CARPATHIANS): THE 
MOTRU DYKE SWARM 
 
Abstract 
The Neoproterozoic basement of the Danubian domain of Romanian Southern 
Carpathians has been intruded by numerous late-Variscan granitic plutons, emplaced in a post-
collisional geo-dynamic environment. Aside from those large igneous bodies, numerous 
centimeter- to decameter-size, intermediate to acid sub-volcanic dykes, grouped as the Motru 
Dyke Swarm (MDS), intrude in an uneven distribution the basement rock units of the Danubian 
domain. Field evidence shows that their emplacement was synchronous with, or shortly post-
dates the emplacement of some of the youngest late-Variscan plutons, arguing for an early 
Permian age (~295Ma), and a connection to the latest stages of the Variscan orogeny. MDS 
samples are remarkably heterogeneous, ranging from basaltic trachy-andesites to andesites and 
dacites, with basaltic and rhyolitic compositions reported in earlier studies (Féménias et al., 2004, 
2006 and 2008; Nkono et al., 2006). They are mostly metaluminous to slightly peraluminous and 
have a wide compositional range, from shoshonitic to high-K calc-alkaline, with some dacites 
exhibiting tholeiitic chemical characteristics. Trace elemental and Sr-Nd isotopic data support 
the assertion that mantle-derived melts reflecting source enrichments during previous subduction 
events have been primary contributors to the formation of the MDS, and that subsequent 
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assimilation of both lower and upper crustal material took part. Based on this evidence, we 
suggest that delamination of crustal lithosphere is likely to be the process that triggered the 
formation of the MDS, and that this event happened in a series of distinct episodes, each 
affecting a spatially limited portion of the orogen. 
 
Introduction 
Post-collisional magmatism in orogenic settings around the world is characterized by 
abundant emplacement of variable-size granitoid plutons, and extensive associated volcanic 
activity (Altherr et al., 1995; Gleizes et al., 1997; Azevedo et al., 1998; Cortesogno et al., 1998; 
Küster & Harms 1998; Miller et al., 1999; Tack & Bowden 1999; Paquette et al., 2003; Topuz et 
al., 2005; Altunkaynak & Dilek 2006; Macpherson et al., 2006). Post-collisional magmatism is 
often associated with mafic to intermediate igneous lithologies which have been interpreted, 
based on their geochemical signatures, as indicative of mantle-crust magmatic interactions. Sub-
volcanic dyke-swarms emplaced during extensional episodes that post-date the peak of collision 
are less common in such settings, but when present their chemical signatures can provide 
valuable evidence as to the geodynamic processes active in such environments. 
The Variscan orogeny of the Southern Romanian Carpathians is represented in part by 
numerous granitoid intrusions preserved within the basement nappes of the Danubian and Getic-
Supragetic domains. These plutons are definitively post-collisional in age (Balica et al., 2007; 
Duchesne et al., 2007; Balica et al., 2013 submitted), post-dating the peak metamorphism 
associated with the Variscan continental collision by ~20 Ma (Săbău 2000; Săbău & Massonne 
2003; Medaris et al., 2003). While the compositions, modes of formation, and evolution of these 
plutons are not fully understood, the data that is available suggests that they are remarkably 
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heterogeneous even at pluton scale (Stremtan et al., 2011 and 2013; Stremtan et al., 2013 
submitted) and that both mantle and crustal source materials have contributed to their formation 
(Duchesne et al., 2007; Stremtan et al., 2010, 2011, 2012). The Variscan orogenic history as 
preserved by the Danubian domain has led Balica et al. (2013 submitted) to delineate two 
distinct evolutionary stages: an older, collisional stage where continental subduction and 
eclogitization were rather common, and a younger, extensional stage, characterized by abundant 
intrusive intermediate to felsic magmatism. All of the Variscan age Danubian plutons were 
emplaced during this later stage, and their distinctive mineralogical, petrologic, and geochemical 
heterogeneity was interpreted as reflecting melting in the continental crust triggered by the 
upwelling or underplating of hot mantle or mantle-derived melts resulting from crustal 
delamination. 
The Motru Dyke Swarm (MDS) was recognized in the basement assemblages of the 
Danubian domain by Berza & Seghedi (1975), and later studies have focused on understanding 
the nature of the melts and their emplacement mechanisms (Féménias et al., 2004; Féménias et 
al., 2006; Nkono et al., 2006). Until recently, the MDS was believed to be of Cambrian-
Ordovician age, but field evidence and intrusive relationships with both the basement 
assemblages of the Danubian domain and the post-collisional Variscan plutons argue for a much 
younger, probably early Permian emplacement age. This contribution is aimed at better 
understanding the geochemical signature of the protoliths that contributed to the generation of 
the MDS, toward constraining the geodynamic environment in which the dykes were emplaced. 
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Geological setting 
The Romanian Carpathians represent the highly arcuate, eastern extension of the 
Carpathian-Alpine belt. The Southern Carpathians (Figure 3.1) consist of a collage of pre-Alpine 
terranes that surround the northwestern flank of the Moesian platform, amalgamated during the 
Variscan orogeny and subsequently deformed during Alpine orogenic events. The geological 
structure as preserved today comprises an intricate nappe structure developed during middle and 
late Cretaceous crustal convergence, and consist of two systems of basement-cored nappes, with 
cover nappes sandwiched in between (Iancu et al., 2005; Seghedi et al., 2005). From the bottom 
up, the Alpine nappe stack is comprised of the Danubian domain (a nappe system consisting of 
Neoproterozoic metagranitoids and metamorphic rocks capped by Paleozoic and Mesozoic 
sedimentary successions), the Severin-Arjana nappe complex (composed of Jurassic ophiolites, 
flysch, and bimodal alkaline igneous rocks), and the Getic-Supragetic domain (Neoproterozoic-
Ordovician basement overlain by late Carboniferous to Permian sediments and a transgressive 
Cretaceous cover).  
The pre-Alpine histories of the two major basement systems comprising the Southern 
Carpathians (i.e., the Getic-Supragetic and Danubian domains) are substantially different, as 
shown by the new zircon U/Pb age data published in the last several years (Balintoni et al., 2009, 
2010, 2011; Balintoni & Balica 2012). The Getic-Supragetic domain represents a collage of 
terranes of an essentially peri-Gondwanan, Cadomian provenance (Balintoni et al., 2009), while 
the Danubian domain is composed of two Neoproterozoic terranes of Avalonian and Ganderian 
affinities, sutured by a series of intra-Avalonian oceanic remnants (Liègeois et al., 1996; Seghedi 
et al., 2005, Balintoni et al., 2011; Balintoni & Balica 2012 and references therein). The two sets 
of terranes (Lainici-Păiuș and Drăgșan) comprising the Danubian Domain, with different 
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provenances and different pre-Variscan histories, are in contact along a major thrust fault, and 
are separated by the Tișovița terrane, a fragment of oceanic lithosphere interpreted to be a 
Caledonian-type oceanic suture (Balintoni et al., 2011). The two terranes shared a common 
tectonic and magmatic history during the Variscan orogeny, when numerous granitic intrusions 
pierced their basement rock suites (Balica et al., 2007, and 2013 submitted). 
 
 
The MDS consists of intermediate to felsic sub-volcanic, centimeter to decameter-size 
dykes, which are unevenly distributed across the Danubian basement terranes. While the dykes 
are mostly concentrated in the Lainici-Păiuș terrane, they also intrude the Drăgşan terrane in 
small areas in close proximity to the tectonic contact between the two terranes. Two Variscan 
age post-collisional plutons (i.e., Culmea Cernei and Frumosu plutons; Balica et al., 2013 
Figure 3.1. Approximate field distribution of the MDS (shaded area) within the 
Danubian basement terranes.Leged: granitoids (red color), Lainici-Păiuș terrane 
(yellow), Drăgșan terrane (light blue) and Sebeș-Lotru terrane (light purple).  
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submitted) are also cross-cut by the MDS dykes. For a detailed discussion on the density of the 
dykes and their spatial distribution and relationships with the Danubian basement terranes, the 
reader is referred to the work of Féménias et al. (2004, 2006, and 2008) and Nkono et al. (2006). 
Most of the dykes lack evidence for pervasive Alpine–associated deformation, and petrographic 
data indicates that they were metamorphosed into the greenschist facies during the Alpine 
collision. 
 
Analytical Methods 
Major and Trace Elements 
Whole-rock chemical analyses were carried out in the University of South Florida’s 
Center for Geochemical Analysis. For each sample more than 1.5 kg of fresh rock was crushed 
using a tungsten-carbide jaw crusher and subsequently milled to <200 mesh with an alumina 
dish-and-puck Shatterbox®. Loss on ignition (L.O.I.) was determined gravimetrically by heating 
a separate aliquot of sample at 850° C for 3 hours. Sample powders were digested following 
typical LiBO2 fluxed fusion methodologies (Kelley et al., 2003; Tenthorey et al., 1996) to ensure 
complete digestion of zircon and other resilient accessory phases. Flux and sample, with a 4:1 
ratio (0.8000 g ± 0.0008 g to 0.2000 g ± 0.0002 g) were combined in graphite crucibles and 
fused in a muffle furnace at 1075° C for 15 minutes. The melted beads were dissolved in 2% 
HNO3 spiked with 1 ppm Ge for use as an internal standard, and 1000 ppm Li as a peak 
enhancer to minimize matrix effects. These stock solutions were then diluted to 10,000:1 for the 
measurement of major elements. For the measurement of trace elements, including rare earth 
elements (REE), solutions were diluted to 1,000:1 in a 2% HNO3 solution spiked with 10 ppb In 
as an internal standard. Major oxides and selected trace elements (Sr, Rb, and Ba) were analyzed 
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using direct coupled plasma-atomic emission spectrometry (DCP-AES), while trace element 
measurements were carried by means of inductively coupled mass spectrometry (ICP-MS) using 
a Perkin Elmer Elan reaction cell/quadrupole ICP-MS instrument. 
 
Radiogenic Isotopes 
Strontium (Sr) and neodymium (Nd) isotopic separations and analyses were performed at 
the School of Earth and Environment, University of Leeds (UK). Approximately 50 mg of 
powdered whole-rock was dissolved for 48 hours on a hotplate (T~ 110ºC) in a concentrated 
ultra-clean HF-HNO3 = 3:1 acid cocktail, followed by low temperature (~100°C) drydown and 
resuspension, first in ultrapure concentrated HNO3 and finally in HCl. Final dried samples were 
picked up in 2 ml of 2.5M HCl, and Sr and Nd were extracted from a split of these unspiked 
solutions by conventional ion-exchange chromatographic techniques. Isotopic measurements 
were made via thermal-ionization mass spectrometry (TIMS) using a Thermo Finnigan Triton 
multicollector mass spectrometer running in static mode. Sr and Nd isotopic ratios were 
normalized for mass fractionation to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. Analyses of 
reference materials during the course of this study gave 87Sr/86Sr = 0.706638±7 (n=3) and 
143Nd/144Nd = 0.512482±5 (n=2) for WSE Std. (Whin Sill dolerite); 87Sr/86Sr = 0.710273 for 
NIST SRM-987 (n=13) and 143Nd/144Nd = 0.511835±5 (n=13) for the LaJolla Std. All data were 
corrected to generally accepted values of 87Sr/86Sr = 0.710248 for NIST SRM-987 (McArthur et 
al., 2000) and 143Nd/144Nd = 0.511853 for LaJolla (Weis et al., 2005). In-run precision, 
determined by repeat sample analyses, is typically better than 0.001% RSD. The total blanks for 
both Sr and Nd were negligible (<100 pg) during the measurement period. 
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Results 
Samples and Petrology 
The samples collected for this study are generally fine-grained, and range from trachy-
basalts to andesites and dacites; basaltic and rhyolitic compositions have been reported in earlier 
studies (Féménias et al., 2004, 2006, 2008; Nkono et al., 2006). Their textures range from 
intergranular (seldom ophitic) to intersertal, the former being common for the more silica-rich 
samples (e.g., dacites). The intermediate samples are characterized by intergranular textures with 
abundant minute (usually less than 0.5mm) plagioclase, amphibole, rare pyroxene, alkali feldspar, 
biotite, and quartz grains; devitrified glass and opaque minerals (Fe-Mn oxides) are also common 
occurrences. Plagioclase is seldom fresh, often replaced by a mixture of sericite, clay minerals, 
and calcite, in particular in the samples originating from thin dykes and dykelets or the outer 
edges of thicker dykes. Ilmenite is the most abundant primary Fe oxide and it is rarely 
transformed to pyrite and rutile. Sagenitic biotite (with both titanite and rutile inclusions) is 
encountered in the mafic- to intermediate lithologies. 
Several andesite samples and most of the dacites have well-defined phenocryst 
populations enclosed in a groundmass characterized by devitrified glass, plagioclase and sparse 
alkali feldspars, opaque Fe-Mn oxides, epidote, and small needle-like muscovites. The 
phenocrysts (partially resorbed quartz, alkali and plagioclase feldspars, biotite, rare 
clinopyroxene, and hornblende) are rarely euhedral and tend to be broken. Plagioclase is 
moderately altered to sericite and calcite, while deferrization of biotite is commonly observed. 
Hornblende ranges in color from green to brown and is commonly twinned and zoned. All 
samples include limited amounts of titanite, zircon, and apatite as accessory minerals. 
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Most of the samples exhibit varying degrees of high temperature subsolidus deformation, 
as demonstrated by the quartz phenocrysts with patchy and undulose extinction and limited sub-
grain development along quartz grain boundaries. Samples collected from the inner parts of 
thicker dykes (>10 m) have quartz grains that show prism- and basal-parallel subgrain 
boundaries, forming “chessboard” patterns, indicative of temperatures in excess of 650 °C and 
moderate to high pressures (Kruhl 1996). 
 
Bulk-rock Geochemistry 
Data for fifteen of the least-altered MDS samples, encompassing all of the petrological 
types we encountered in the field, are presented in Table 3.1. Generally, these samples display a 
wide range of K2O compositions, from shoshonitic to high-K calc-alkaline, with some of the 
dacites (SiO2 ranging from 65.9 to 70.3 wt. %) having K2O compositions around 1 wt. % and 
plotting in close proximity of the tholeiite field (Figure 3.2). Two of the basaltic trachy-andesites 
analyzed for this study have shoshonitic affinities. The MDS samples range from metaluminous 
to slightly peraluminous values, but generally have A/CNK values lower than 1.1 (Figure 3.3). 
Taken collectively, the MDS samples show a wide range of SiO2 compositions (from 
50.8 to 70.3 wt. %) on Harker variation diagrams (Figure 3.3), but there is a marked 
compositional gap between 60 and 65 wt. % SiO2. With the exception of Al2O3 and Na2O, the 
rest of the major oxides show good inverse correlations with SiO2. Al2O3 abundances show 
substantial scatter ranging from 13.9 to 16.9 wt. %, perhaps indicating the incorporation of 
crystallized plagioclase. The positive, but scattered Na2O trend, and the lack of clear trends for 
Sr and Ba (Figure 2.4) is consistent with the idea of sodic plagioclase incorporation in the dyke 
parental melts. 
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Most of the trace elements (e.g., Cr, Ni, Rb, Sr, Y, La) show negative correlations when 
plotted against SiO2, even though significant scatter is visible (Figure 3.4). The exceptions are 
Ba and Zr, which shows concave downward trends on Harker diagrams, with the inflexion point 
situated around 60 wt. % SiO2.  
 
 
 
Figure 3.2. K2O vs SiO2 classification diagram for MDS samples 
with fields after Peccerillo & Taylor (1976). 
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Sample Rock type SiO 2 TiO 2 Al2O 3 Fe2O 3* MnO MgO CaO Na2O K2O P2O 5 LO I FeO t Total A/CNK
1 dacite 66.11 0.51 17.10 4.12 0.09 1.4 3.62 4.89 2.31 0.11 0.56 3.7 100.82 0.9
2 basaltic trachy-andesite 51.8 0.99 14.21 9.32 0.11 4.89 8.03 3.97 2.99 0.25 1.54 8.38 98.10 0.74
3 andesite 59.91 0.79 16.83 6.12 0.09 3.99 6.94 3.55 2.01 0.1 0.38 5.5 100.71 0.73
4 basaltic trachy-andesite 51.77 0.69 15.40 7.82 0.14 8.98 7.99 4.13 2.54 0.31 1.04 7.03 100.81 0.57
5 trachy-andesite 60.16 0.78 15.56 7.5 0.12 3.8 3.5 5.66 1.73 0.25 0.73 6.74 99.79 0.96
6 basaltic andesite 53.94 0.91 15.85 8.21 0.18 7.01 7.68 2.97 2.06 0.2 0.25 7.38 99.26 0.76
7 trachy-basalt 50.79 0.89 16.54 8.88 0.13 9.21 8.31 2.36 2.55 0.42 0.72 7.99 100.80 0.71
8 andesite 57.01 0.9 14.38 8.36 0.09 4.72 6.92 3.49 2.51 0.53 0.21 6.62 99.12 0.89
9 dacite 69.01 0.21 15.53 3.02 0.06 1.75 3.58 5.01 1.36 0.1 0.17 2.71 99.80 0.97
10 dacite 69.81 0.3 16.07 2.95 0.02 1.39 2.99 5.24 1.4 0.09 1.04 2.65 101.30 1.06
11 dacite 64.54 0.31 14.40 3.11 0.1 2.69 5.35 4.86 0.99 0.12 2.72 2.79 99.19 1.03
12 dacite 65.48 0.39 15.73 4.05 0.08 3.24 4.73 4.34 1.17 0.23 0.89 3.64 100.35 1.02
13 dacite 67.29 0.35 14.76 3.20 0.08 2.75 4.54 4.21 1.84 0.23 0.97 2.87 100.21 0.93
14 dacite 65.28 0.30 16.87 3.54 0.08 2.86 4.35 4.46 1.12 0.23 1.09 3.18 100.18 1.02
15 dacite 66.89 0.26 15.38 2.98 0.08 2.68 4.17 4.51 1.74 0.23 0.21 2.68 99.12 1.06
Table 3.1. Whole-rock major (presented in wt.%) and trace elemental (shown in ppm) element compositions of the 
representative MDS samples. 
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Sample Rock type Ba Rb Sr Zr Nb Ni Co Zn Th La Ce Pr Nd Sm Eu
1 dacite 599 71 536 160 18 11 8 38 12 27.9 53.1 6.27 22.13 3.95 1.06
2 basaltic trachy-andesite 293 160 1122 152 5 96 31 99 5 30.98 60.78 8.4 38.56 7.05 1.89
3 andesite 487 61 473 134 11 19 26 60 6 26.03 45.21 5.51 19.11 3.52 1.17
4 basaltic trachy-andesite 321 83 759 130 6 131 39 81 9 42.98 78.85 9.98 36.92 7.59 1.82
5 trachy-andesite 502 60 151 268 12 32 25 45 8 54.2 99.27 8.4 39.12 7.11 1.8
6 basaltic andesite 375 81 381 180 8 125 34 101 4 28.01 50.12 6.81 24.14 4.97 1.52
7 trachy-basalt 312 108 280 132 16 170 43 98 6 41.21 66.97 8.11 26 4.22 1.25
8 andesite 356 105 603 210 11 75 24 87 7 39.01 76.3 8.64 33.98 6.01 1.73
9 dacite 284 55 455 102 9 9 4 23 5 17.32 27.91 3.1 11.21 2 0.72
10 dacite 300 51 401 100 4 11 3 51 3 15.1 23.25 3.59 12.1 2.51 0.6
11 dacite 352 57 378 80 7 7 8 47 2 18.95 30.22 5 12.8 2.12 0.71
12 dacite 274 58 276 113 7 43 12 55 2 19.72 31.47 4.17 13.39 2.57 0.77
13 dacite 256 54 220 99 6 39 9 54 2 17.95 26.35 3.77 11.46 2.22 0.72
14 dacite 239 49 220 108 6 36 8 53 1 16.18 23.87 3.37 9.57 1.82 0.67
15 dacite 221 46 202 94 5 33 7 50 - 14.41 19.91 2.93 7.67 1.53 0.51
Table 3.1. (continued) 
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Sample Rock type Gd Tb Dy Ho Er Yb Lu Y Cs Ta Hf U Pb Eu/Eu*
1 dacite 3.26 0.32 2.21 0.51 1.29 1.1 0.15 13.21 1.52 0.71 4.5 3.4 5.72 0.9
2 basaltic trachy-andesite 5.68 0.8 4.8 1.1 3.02 1.71 0.34 21.34 0.98 1.34 3.71 1.2 16.8 0.91
3 andesite 3.29 0.49 3.09 0.58 1.72 1.59 0.31 15.25 0.8 0.75 4.13 2.8 7.22 1.05
4 basaltic trachy-andesite 5.51 0.77 3.38 0.68 1.78 1.81 0.4 20.1 0.53 0.62 3.01 3.1 2.15 0.86
5 trachy-andesite 4.8 0.7 4.2 0.75 2.15 1.7 0.22 21 0.62 0.97 4.85 1.9 5.16 0.94
6 basaltic andesite 5.11 0.72 4.11 0.84 2.31 1.99 0.32 20.81 0.54 0.62 4.22 1.1 4.11 0.92
7 trachy-basalt 4.37 0.66 3.83 0.81 2.35 1.94 0.25 21.67 0.61 1.16 3.27 1.3 4.09 0.89
8 andesite 4.62 0.61 3.49 0.69 2.01 1.71 0.19 22.35 0.73 0.7 4.38 0.9 12.74 1
9 dacite 1.89 0.29 1.5 0.29 1.1 1.1 0.12 10.15 1.42 0.23 2.94 2.3 10.41 1.13
10 dacite 1.96 0.3 1.79 0.33 1.05 1.01 0.09 11.24 1.45 0.38 3.12 1.3 10.86 0.83
11 dacite 2.01 0.29 2.03 0.32 1.19 1.14 0.1 11.1 1.19 0.25 3.36 1.1 8.89 1.05
12 dacite 2.36 0.35 2.13 0.38 1.21 1.24 0.11 13.55 1.08 0.26 3.13 1 9.63 0.96
13 dacite 2.12 0.32 1.97 0.35 1.11 1.2 0.2 12.95 1.1 0.18 3.03 0.9 9.89 1.02
14 dacite 1.86 0.29 1.8 0.3 1.08 1.15 0.19 12.16 1.12 0.11 2.93 0.8 10.15 1.11
15 dacite 1.61 0.27 1.64 0.26 0.92 1.11 0.15 11.56 1.15 0.04 2.83 0.6 10.4 0.99
Table 3.1. (continued) 
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The negative correlation between SiO2 and some of the incompatible elements (e.g., La 
and Rb) rules out simple differentiation processes and suggest that mixing between a low SiO2, 
trace element enriched source (e.g., enriched mantle) and a SiO2 rich and trace element depleted 
source (e.g., siliciclastic metasediments) might be a more viable scenario.  
Chondrite-normalized REE patterns and primitive mantle normalized incompatible trace 
element plots are shown in Figure 3.5 and Figure 3.6, respectively. The MDS have fractionated 
REE trends ([La/Yb]N ratio ranging from 8.75 to 21.49) and no strong Eu anomalies (Eu/Eu* 
ranging from 0.82 to 1.20). The total abundance of REEs (shown as ΣREE) decreases with 
increasing SiO2 content (Figure 3.5, inset). It is worth noting that while all trends observed on 
the chondrite-normalized diagram are sub-parallel, the samples that have higher SiO2 contents 
are characterized by the lowest REE abundances. Figure 3.6, illustrates the incompatible element 
enriched nature of most of the MDS samples. All our MDS samples have negative Nb, Ti, La, 
and P anomalies, and show marked relative enrichments in U, K, and Pb. Th, Zr, and Nd show 
wide variations on Figure 3.6 that are not linked to particular MDS petrological types or other 
signatures. 
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Figure 3.3. Major elements Harker diagrams for MDS samples. All elements are in wt%. 
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Figure 3.4. Trace elements Harker diagram for MDS samples. All elements are in ppm. 
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Bulk-rock Sr-Nd Isotope Geochemistry 
Past efforts to date MDS intrusives by means of zircon U/Pb LA ICP-MS (Balintoni & 
Balica 2012; Câmpeanu et al., 2012) have demonstrated that their zircon populations are largely 
inherited, making a firm radiometric date difficult to obtain. However, field relationships, in 
particular crosscutting relationships between MDS dykes and Variscan post-collisional plutons in 
the Danubian domain, suggest an early Permian age (~295 Ma) for the MDS suite. We have used 
this age estimate to calculate the initial Sr and Nd isotopic compositions of MDS samples. 
Eleven MDS samples have been analyzed for bulk-rock radiogenic isotope composition 
and these data are presented in Table 3.2. Initial 87Sr/86Sr ratios, calculated at 295 Ma, range 
Figure 3.5. Chondrite-normalized multi-element plot for MDS samples. Inset represents 
the variation of ΣREE versus SiO2. Orange field is described by AFC modeling using the 
FC-AFC-FCA software package of Ersoy & Helvaci (2010). Parameters used for modeling 
include the fractionation of Grt+Am±Kfs assemblage and assimilation of both lower and 
upper crustal compositions. Starting and assimilation compositions used for modeling are 
compiled from GERM database http://earthref.org. 
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from 0.70639 to 0.74870, and initial 143Nd/144Nd ranges from 0.51159 to 0.51257. MDS Sr and 
Nd isotopes show a broad inverse correlation extending from the “mantle array” (e.g., Salter & 
Stracke, 2004) toward very radiogenic isotopic signatures, typical for metasediments of 
continental crust origin 
 
 
Discussion 
Timing of the MDS Intrusion 
Previous studies carried out on MDS dykes argued for a “pre-Silurian”, Cambro-
Ordovician age for their emplacement, (Berza & Seghedi 1975) based on field relationships 
between MDS dykes and the Danubian basement rocks mapped in the Motru Basin (Figure 3.1), 
and on the understanding to date of the ages, provenance, and tectonic history of the Danubian 
domain’s tectonic components. All the early published contributions concerning the MDS 
presumed this age range, and tectonic and geodynamic interpretations for the MDS were made in 
the context of Cambro-Ordovician magmatism preserved within the Danubian terrane. New high 
Sample Rock type
87Sr/86Sr±2σ 
measured
87Sr/86Sr 
initial
143Nd/ 
144Nd±2σ 
measured
143Nd/ 
144Nd 
initial
εNd
1 dacite 0.741489±8 0.739859 0.512247±6 0.512044 -4.18
2 basaltic trachy-andesite 0.709027±5 0.707419 0.51235±6 0.51212 -2.71
3 andesite 0.715073±5 0.713653 0.51227±6 0.512042 -4.23
4 basaltic trachy-andesite 0.710106±5 0.706394 0.512397±6 0.512162 -1.89
5 trachy-andesite 0.711969±6 0.706651 0.512239±5 0.512032 -4.42
6 basaltic andesite 0.710683±3 0.708114 0.512163±5 0.511918 -6.65
7 trachy-basalt 0.711359±6 0.706733 0.512771±9 0.51257 6.08
8 andesite 0.712529±6 0.710448 0.512288±4 0.512077 -3.53
9 dacite 0.742611±6 0.741065 0.511813±4 0.511592 -13.01
10 dacite 0.750241±7 0.748704 0.51187±9 0.511638 -12.1
11 dacite 0.715325±5 0.714042 0.512161±8 0.511912 -6.75
Table 3.2. Radiogenic (Sr and Nd) isotope compositions of the MDS samples. Initial ratios were 
calculated for 295Ma, assumed to roughly the emplacement ages based on intrusion relationships 
with the late-Variscan post-collisional Danubian granitic plutons.Given uncertainties are 2σ 
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resolution zircon ICP-MS U/Pb ages (Câmpeanu et al., 2012; Balintoni et al., 2012) indicate 
largely inherited zircon populations, with an age distribution pointing to Pan-African origins, and 
peri-Amazonian provenance for the MDS crustal sources, with no evidence of Variscan resetting, 
the results of our detailed field investigations support the assertion that these dykes are much 
younger that originally believed, with Upper Paleozoic, most likely early Permian (i.e., Variscan) 
ages. 
The MDS dykes are not uniformly distributed within the Danubian domain. The dykes 
intrude mainly through rocks of the Lainici-Păiuș terrane, and also cross-cut the southern 
portions of the Drăgșan terrane north of the fault separating the Drăgșan and Lainici-Păiuș 
terranes, although the density of dyke intrusions is lower north of the fault (Figure 3.1). Based on 
detrital zircon age models, Balintoni el al. (2011) argues that these two Danubian terranes had 
different pre-Variscan histories and provenance and shared a common magmatic history during 
the Variscan orogeny, and were completely lacking in igneous activity related to Alpine 
collisional events. Thus, the fact that MDS dykes intrude rocks of both Danubian basement 
terranes shows that their intrusion must post-date the tectonic and magmatic events associated 
with rocks in these terranes, strongly suggesting a Variscan orogeny origin for MDS magmatism. 
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MDS dykes also intrude two granitic bodies, the Culmea Cernei and Frumosu plutons, 
emplaced during the post-collisional phase of the Variscan orogeny (Balica et al., 2013 
submitted) There are localities where the intruding dykes show no evidence for chilled margins, 
suggesting that when the dykes intruded there was little difference in temperature between the 
dykes and the enclosing granites. Balica et al. (2013 submitted) has determined a 287±3 Ma age 
for Culmea Cernei pluton and a 303±3 Ma age for the Frumosu pluton. The crosscutting 
relationships identified in the field indicate that the MDS dykes must be early Permian in age, 
consistent with the post-collisional phase of the Variscan orogeny. 
MDS dykes also intrude several of the older plutons within the Lainici-Păiuș basement, in 
particular the Tismana pluton, dated at 600.5 ±4.4 Ma (Balintoni et al., 2012). Contacts between 
Figure 3.6. Primitive mantle-normalized trace element variation diagram for MDS samples. 
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the Tismana granite and MDS dykes are clear-cut, with clearly preserved chilled margins of 
various widths, indicating that the older Tismana pluton was cool during the MDS intrusions. 
 
Petrogenesis 
The presence of disequilibrium textures in most of the samples selected for this study, as 
well as in other MDS samples (Féménias et al., 2004, 2006, 2008; Nkono et al., 2006), the wide 
variation in bulk-rock major and trace elemental signatures, and the variation in their isotopic 
signatures precludes any closed-system fractionation process as a means for the magmatic 
evolution of the MDS dykes. As well, the occurrence of high-SiO2, low MgO, dykes with 
crustally-influenced Sr-Nd isotopic signatures rule out the possibility that MDS intrusions 
originated solely from the mantle or a mantle-derived protolith. 
The fractional crystallization of melts derived from mantle sources modified during 
subduction episodes under P-T conditions within the stability fields of garnet-amphibole will 
produce distinctive geochemical trends: positive correlations between SiO2 and Sr/Y, strongly 
fractionated REE patterns (i.e., large [La/Yb]N ratios), and negative correlations between SiO2 
and the ΣLREE, [Dy/Yb]N, and other parameters. While the MDS samples share some of these 
characteristics (e.g., Figure 3.7), their chemical heterogeneity cannot have been produced 
fractional crystallization alone, even at medium to high pressures. Furthermore, our radiogenic 
isotope data (Figure 3.8 and 3.9) preclude closed-system fractional crystallization, and indicate 
that multiple source contributors as well as variable degrees of melting and crystallization are 
responsible for the generation of the MDS melts. The lithological complexity of metasediments 
included within the Danubian country rocks intruded by the MDS and the lack of clearly 
primitive mafic dykes make any unique solution for mixing challenging. 
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The lack of Eu anomalies in some of the post-collisional Danubian Variscan plutons can 
develop melting under P-T conditions outside the stability field of plagioclase, the main mineral 
phase influencing the development of such anomalies (e.g., Stremtan et al., 2013 submitted). 
These authors argue that in the case of some of the Variscan age Danubian plutons, their 
emplacement at significant crustal depths (well in excess of 35km) might be responsible for the 
lack of Eu anomalies (Figure 3.5). In the MDS, such emplacement depths are unlikely for several 
reasons. Petrologic features (e.g., aphanitc, almost volcanic textures observed in most of the 
samples, and the presence of glass, often devitrified) imply relatively quick cooling at 
intermediate to shallow depths. The temperature-pressure conditions of the MDS melts were 
broadly constrained by Féménias et al. (2006). By using hornblende barometry, these workers 
Figure 3.7. DyN/YbN vs. LaN/YbN diagram for MDS samples. The trend of 
fractional crystallization of several mineral phases are also plotted 
(vectors are not at scale) .Normalization values are after Nakamura 
(1974). 
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concluded that pressures lower than 0.7 GPa (the rough equivalent of a crustal depth of at least 
23km) characterized the emplacement environment. Although these pressures are relatively high, 
they are still well within the stability field of plagioclase. Thus, the absence of Eu anomalies 
(suggestive for the presence of residual plagioclase during fractional crystallization) are more 
likely to indicate either a mantle-derived source, melting under hydrous conditions (favoring the 
oxidation of Eu2+ to Eu3+ which is not picked up by the plagioclase lattice), or melt separation 
from magma chamber/melting localities fast enough that the REE composition did not have 
enough time to equilibrate with the residue. Textural and geochemical evidence (Nkono et al., 
2006) shows that the emplacement of the dykes was slow enough for a mechanical segregation 
and geochemical differentiation within the thicker dykes to occur. 
The overall higher concentrations in incompatible elements in MDS intrusions compared 
to average crustal compositions (Figure 3.6) argue for a role for enriched mantle in the source of 
these melts. This argument is consistent with the Sr-Nd isotopic signatures of the more mafic 
MDS samples. The field described by the MDS initial 87Sr/86Sr and 143Nd/144Nd does not 
coincide with the mantle array (Hart et al., 1986; Salte & Stracke 2004), but may indicate the 
involvement of a protolith that was mantle-derived. The wide variations recorded by the 
radiogenic isotope composition of the samples, the lack of data regarding the isotopic 
composition of all the metasediments pertaining to the Danubian terranes that could have been 
interacting with the melts during the formation of the MDS preclude any viable solution to 
mixing processes. Furthermore, the age of the MDS is not unambiguously constrained by high-
resolution isotopic ages, thus the initial ratios presented in this contribution might be offset to 
some extent, adding additional errors to any type of geochemical modeling involving Sr-Nd 
systems.  
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Mathematical expression of mixing of melts with different Sr-Nd signatures (e.g., mantle-
derived melts and crustal rocks) results in curvilinear trends on 87Sr/86Sr versus εNd diagram 
(DePaolo & Wasserburg 1979). The curvature of the trend is a function the composition of the 
radiogenic end-member. Mixing with lower-crustal lithologies, characterized by very negative 
εNd and intermediate 87Sr/86Sr ratios will yield a different trend when compared with mixing of 
mantle-derived melts and upper-crustal lithologies, having highly radiogenic 87Sr/86Sr ratios 
and intermediate, yet still negative, values for εNd. The general trends observed on isotopic plots 
Figure 3.8. 87Sr/86Sri vs εNd digram. Mantle array modified from Hart et al. (1986) and 
Salter & Stracke (2004). FP (Furcătura pluton) field is from Stremtan et al. (2013 
submitted), VPP (Vârfu Pietrii pluton) field from Stremtan et al. (2010). Theoretical 
mixing of mantle derived melts with lower crustal (vector “a”) and upper crustal (vector 
“b”) is shown in dashed red. Average lower and upper crust isotopic values are 
compiled from GERM database http://earthref.org. 
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(Figure 3.8 and Figure 3.9) offer some insights on the possible sources and processes that were 
active during the formation of the MDS melts.  
 
 
The 87Sr/86Sri versus εNd diagram (Figure 3.8) argues for the existence of at least two 
distinct groups, one with a pronounced juvenile component and an additional one in which the 
contributions of supra-crustal material seems dominant. The former group is characterized by 
initial 87Sr/86Sr ratios usually lower than 0.710 and εNd values lower than -6, consistent with an 
enriched mantle component +/- some degree of crustal contribution. Within this group, two 
seemingly distinct trends are observable (Figure 3.8), related to two potential assimilants: a 
Figure 3.9. 87Sr/86Sri  vs SiO2 (wt. %) variation diagram. Vectors indicating theoretical 
trends are not at scale.  
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lower crustal lithology, characterized by substantial variations of the εNd at close-to-mantle 
values of the initial 87Sr/86Sr; and a (infra) crustal material, dominated by elevated 87Sr/86Sr and 
low εNd values. The second group (Figure 3.8) is defined by very radiogenic 87Sr/86Sri and 
variable εNd values, typical for melts derived from upper crustal sedimentary protoliths. An 
interaction with both lower and upper continental crust as well as limited fractional 
crystallization is inferred to be responsible for the Sr-Nd isotopic compositional trends observed 
on Figure 3.8. The crustal contamination episode(s) is also supported by the trace elemental 
composition of the MDS, as most of the samples have incompatible element compositions (Nb/U 
ranging from 1.96 to 12.33; Ta/La from 0.002 to 0.41) close to those attributed in the literature to 
continental crust.  
Trace elemental modeling carried out on MDS samples shows that fractional 
crystallization and mixing processes do not yield trends compatible with the measured 
composition of the samples (Figure 3.10). On the other hand, combined assimilation-fractional 
crystallization may be a better approximation of the processes active during the formation of the 
MDS melts. In our model (Figure 3.5 and Figure 3.10), the progressive crystallization of a 
heterogeneous enriched mantle composition combined with the assimilation crustal material, 
(values from the GERM database http://earthref.org) offer a reasonable explanation of the trace 
elemental heterogeneities preserved within our MDS samples. Such a scenario is partially 
supported by the 87Sr/86Sri variations of the MDS melts (Figure 3.9). 
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Figure 3.10. Sr/Y vs Y diagram for the MDS samples. Green field represent the MDS 
data published by Féménias et al. (2006). Black vector (a) represents the AFC model for 
fractionation of 0.55Gt+0.45Am and assimilation of lower continental crust material; vector 
(b) is the AFC model for fractionation of  0.3Gt+0.5Am+0.2Kfs and assimilation of upper crust. 
Red vectors represent fractional crystallization models for the same mineral assemblages as 
black vectors. Orange vector represent mixing with average upper continental crust. Starting 
composition is the enriched mantle range compiled from GERM database http://earthref.org; 
upper and lower crust compositions are compiled from GERM database. 
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Mode of MDS Formation 
The dykes analyzed for this study are highly heterogeneous geochemically, implying that 
the source regions from which they were generated and the processes responsible for their 
evolution were diverse. Field relations between MDS dykes and their enclosing Danubian 
country rocks and post-collisional Variscan granitoids, and their spatial distribution, suggest that 
the MDS were the result of a single, prolonged, magmatic episode. It is likely that this episode 
related to the delamination of continental lithosphere and associated extension that followed the 
peak of the Variscan collision. It has been posited, that a likely mantle-derived contribution to 
the formation of some of the post-collisional Variscan plutons emplaced in the Danubian domain 
related to delamination of the lower continental crust (Stremtan et al., 2013 submitted). The 
subsequent ascent and juxtaposition of hot mantle-derived material most likely promoted melting 
within the crust and interacted with the melts thus formed. Such scenarios have been envisaged 
for other Variscan post-collisional plutons in Europe (Pin & Duthou 1990; Bussy et al., 2000; 
Wittenberg et al., 2000; Gutiérrez-Alonso et al., 2011).  
There are several lines of evidence to suggest that delamination processes were active 
during the early phases of the MDS formation. In the late stages of orogenic activities, long after 
the cessation of the collision and after the peak of the tectonic processes that lead to the 
thickening of the continental crust (e.g., Massonne 2005), the delamination of the continental 
lithosphere is an isostatic compensation for thickened continental crust. The upwelling mantle 
that replaces this lithosphere is believed to provide the needed heat for the melting in the crust to 
occur. Delamination may not be a single incident that affects the entire orogenic front, but can in 
fact be a series of events, active during a restricted time interval, affecting limited geographical 
areas. Post-collisional Variscan plutons emplaced within the Romanian Southern Carpathians, 
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despite the fact that all are synchronous with the latest stages of the Variscan orogeny and occur 
within a time interval of ≤ 35Ma (Balica et al., 2007 and 2013 submitted), cannot be treated as a 
single, petrogenetically related suite. Some of these plutons have juvenile isotopic signatures and 
intermediate to mafic compositional end-members (but no recognized mafic magmatism) that 
suggest mantle involvement (and thus, delamination) in their formation (Duchesne et al., 2007, 
Stremtan et al., 2010; 2011) others have the clear geochemical signatures of crustal protoliths. 
This kind of diversity in what is a geographically and chronologically restricted granitoid 
magmatic episode may imply that the proposed delamination “event” affecting the Variscan 
orogen as preserved within the Romanian Southern Carpathians was not a large-scale 
phenomenon, but rather a series of smaller, discrete, but distinguishable events.  
The presence of mantle geochemical signatures in the MDS melts, in concert with their 
tectonic framework, indicates that their formation and emplacement was strongly influenced by 
late Variscan delamination events. Our isotopic data suggests a complex evolutionary path as the 
melts interacted with varied crustal lithologies. Rapid extension of the continental crust and 
uplift, as is common in post-collisional settings (e.g., Ducea 2011) could have facilitated this 
evolution. The lack of sedimentation after the deposition early Permian volcanogenic sequences, 
on into the early Jurassic within the Danubian domain (Iancu et al., 2005), argues for elevated 
topography following the emplacement of the post-collisional plutons, in accordance with a rapid 
uplift scenario. 
 
Conclusions 
• Field evidence and the geological framework of the Danubian domain suggest that the 
MDS was emplaced during the latest stages of the Variscan orogeny, in a post-collisional 
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setting, after the intrusion of the late-Variscan post-collisional granitic plutons. During 
this time, the extensional regime and rapid uplift favored the interaction of the melts with 
both lower- and upper-crustal lithologies, imprinting the characteristic geochemical 
features identified in the samples analyzed for this study. 
• MDS samples are extraordinarily diverse in terms of their petrology and geochemical 
compositions. This heterogeneity hampers any simple solutions to mixing or fractional 
crystallization models and implies that both sources and processes that eventually lead to 
their formation and emplacement were complex. Radiogenic data supports the hypothesis 
that enriched mantle melts played an important role in their formation and assimilation of 
crustal (both lower and upper) material was ubiquitous. 
• Delamination of the continental lithosphere as a way to compensate for the metastable 
state of over-thickened continental crust is likely to be the process that provided the heat 
and melts that eventually interacted with the continental crust and evolved into the 
compositions preserved by the MDS. The mechanism of delamination has been proposed 
to have triggered the formation of granitic late-Variscan post-collisional plutons of the 
Danubian and Geti-Supragetic domains, with the caveat that there is little evidence to 
support a single, long lasting, and large-scale event, but rather a series of distinct 
episodes, each affecting a limited portion of the orogen 
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CHAPTER FOUR: 
THE ROLE OF THE CONTINENTAL CRUST AND LITHOSPHERIC MANTLE IN 
VARISCAN POST-COLLISIOANL MAGMATISM – INSIGHTS FROM MUNTELE 
MIC, OGRADENA, CHERBELEZU, SFÂRDINU, AND CULMEA CERNEI PLUTONS 
(ROMANIAN SOUTHERN CARPATHIANS) 
 
Abstract 
The Variscan orogeny in Europe is characterized by widespread granitic intrusive activity 
that post-dates the peak of the continental collision. In Romania, the latest stage of the Variscan 
orogeny is marked by the intrusion of numerous calc-alkaline and high-K calc-alkaline granitic 
plutons, showing remarkable petrological and geochemical heterogeneities. In this study we 
present new bulk rock major and trace elemental data, together with Sr-Nd and O isotope ratios 
for 5 of the Danubian Variscan post-collisional plutons. Our data help constrain the complex 
processes of granite petrogenesis in post-collisional settings and allow for better interpretation of 
the evolution of the continental crust during the Variscan orogeny. 
The five plutons presented here were emplaced during a period of time spanning from 
327 to 287 Ma and present considerable heterogeneities both at intra- and inter-pluton scale. 
They comprise granites (muscovite, biotite, muscovite-biotite, and biotite-amphibole), quartz 
monzonites, and granodiorites. Major and trace elemental data argue against simple fractional 
crystallization processes to account for the formation of these melts, albeit fractionation of 
mineral assemblages composed of amphibole+garnet±clinopyroxene±plagioclase could be 
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responsible for some of the observed trace elemental trends. Two of the plutons have negative Eu 
anomalies coupled with high Sr/Y ratios, while the rest of the samples lack Eu anomalies and 
have moderate Sr/Y ratios, suggesting that the melts formed at different levels in the crust, under 
P-T conditions corresponding to both garnet-amphibole and plagioclase stability fields. Bulk 
rock Sr-Nd isotope data (87Sr/86Sri: 0.70437 to 0.73212; εNd: 0.62 to -12.85) are well correlated 
with δ18O values of quartz (5.51 to 13.82 ‰) and indicate that melts with enriched-mantle 
signatures interacted with to both lower and upper crustal rocks. The presence of mantle-derived 
signatures in post-collisional granitoids indicates that mantle-crust interactions were common 
during the latest stages of the Variscan orogeny. This finding, together with stratigraphic and 
geomorphic data shows that processes like delamination played a key role in the evolution of the 
Variscan orogeny and were likely the triggers for granitic magmatism. 
 
Introduction 
Post-collisional granitic plutons are major components of the Variscan orogeny in 
western and central Europe (Finger et al., 1997; Massone 2005, and reference therein). The 
Variscan post-collisional intrusive activity is characterized by a wide array of chemical 
compositions, arguing for very diverse sources located both in the mantle and the crust. It is a 
common occurrence to have both mantle-derived signatures and pure crustal compositions within 
the same geographical area and similar time frames, indicative of complex processes active in 
such tectonic settings (e.g., Chappell & White 1992; Vellmer & Wedepohl 1994; Azevedo & 
Nolan 1998). 
One of the major problems in the study of granite petrogenesis in collisional and post-
collisional settings is that of protolith(s) heterogeneity and P-T conditions that ultimately favor 
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melting processes. While the energy released from radiogenic decay of U, Th, and K from crustal 
rocks, coupled with crustal thickening and thermal blanketing were proven to promote large 
scale melting (e.g., Bea 2012), several lines of evidence (field data, petrological and chemical 
data, and mathematical modeling) have shown that heat advection from the mantle during 
delamination of the mantle and/or the crust or underplating of mantle-derived basaltic melts at 
the base of the lower crust seem to be more viable mechanisms. Such models successfully 
resolve the heat required for melting to occur, account for the great heterogeneities observed in 
the compositions of the granites and also provide pertinent solutions for geomorphic responses 
recorded by the orogen during post-collisional episodes (Ducea 2011 and references therein).  
The latest phase of the Variscan orogeny in the Danubian domain (Romanian Southern 
Carpathians) is characterized by the emplacement of a series of 330-285 Ma old granitic plutons 
(Balica et al., 2007, and 2013 submitted) and a locally dense sub-volcanic dyke swarm (~295 
Ma; Câmpeanu et al., 2012; Stremțan et a. 2012, and in prep.). These plutons are age correlative 
to those described in other Variscan provinces of Europe (Schaltegger 1997; Azevedo et al., 
1998; Fernández-Suárez et al., 2000; Carrigan et al., 2005; Duchesne et al., 2007; Rolland et al., 
2011). In this contribution we present new bulk rock major and trace elemental data, O, Sr, and 
Nd isotope ratios for five late Variscan post-collisional plutons: Ogradena, Cherbelezu, Sfârdinu, 
Muntele Mic, and Culmea Cernei plutons. The studied plutons are heterogeneous petrologically 
and geochemically, even at pluton scale. This heterogeneity suggests that both mantle-derived 
and crustal materials are likely contributors to their origin. The data presented here allow us to 
evaluate the role of crustal delamination both as a means for granite formation and as a 
phenomenon in the formation and evolution of the continental crust, in particular the crust that 
developed during the latest stages of the Variscan orogeny. 
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Geological Setting 
The Southern Carpathians (SC) represents the E-W trending sector of the Romanian 
Carpathians that connects the two oroclines of the Carpathian belt (Ratschbacher et al., 1993) 
and links the Eastern Carpathians to the Balkans (Figure 4.1a). Its geological makeup and its 
tectonic history are vastly different from the other sectors of the Romanian Carpathians. The 
present structure of the SC has been completed during the latest stages of the Alpine orogeny and 
consists of two superimposed nappe systems: the Danubian domain (DD - the lowermost unit in 
the Alpine stack, composed of pre-Alpine metamorphics, granitoids, and thin Paleozoic units, 
overlain by low grade Mesozoic metamorphic rocks (Berza et al., 1988a, 1988b); the Getic-
Supragetic domain (GSGD - comprised of medium- to high-grade metamorphosed 
Neoproterozoic to early Proterozoic gneissic basement units (Balintoni et al., 2009), sub-
greeschists to epidote-amphibolite grade Paleozoic metasedimentary units, unconformably 
overlain by Carboniferous to Permian continental clastic sediments and younger, Mesozoic 
deposits (Iancu et al., 2005).The two basement units are separated by a Jurassic nappe complex 
of oceanic origin (the Severin nappe complex; Balintoni & Balica (2012) and references therein). 
The entire Alpine nappe stack of the SC is tectonically overriding the Moesian platform (Iancu et 
al., 2005). Both DD and GSGD are intruded by several generations of granitoid plutons, the 
youngest and most abundant group being emplaced during the latest stages of the Variscan 
orogeny (Balica et al., 2007; 2013 submitted). 
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Figure 4.1a. Geological map showing the main units of the Southern Carpathians. Modified and simplified after Balintoni et al. (1989), 
Berza et al. (1994) and Seghedi et al. (2005). 
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Figure 4.1b. Geological sketch of the five studied plutons and their country rocks. Modified and simplified after Berza et al. (1994) and 
Seghedi et al. (2005). 
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The two main basement units comprising the SC had different pre-Alpine histories, as 
argued by Balintoni et al. (2009, 2010a, and 2010b), based on detrital zircon ages. While the 
GSGD corresponds to a collection of peri-Gondwanan terranes of Cadomian, NE-African 
provenance, the DD with its two main components - Lainici-Păiuș (essentially a 
metasedimentary sequence); and Drăgșan (a metavolcanic complex), sutured by the Tișovița 
terrane of oceanic affinity, has a more complicated tectonic history. Balintoni & Balica (2012) 
argued that while they both have originated in the NW of Gondwana and can be ascribed, based 
on their zircon U-Pb geochronology, to Pan-African terranes, they evolved separately. Lainici-
Păiuș is considered to have a Ganderian provenance, while Drăgșan showing Avalonian (extra-
Cadomian) origin (Balintoni & Balica 2012). The two components of the DD are in tectonic 
contact along a pre-Permian thrust that brings Drăgșan on top of the Lainici-Păiuș (Berza & 
Seghedi 1983). 
During the Variscan orogeny, the two components of the DD shared a common history, 
as elements of the upper plate involved in the continent-continent collision, while parts of the 
GSGD (i.e., the Sebeș-Lotru terrane) were subducted underneath and underwent complete 
recrystallization to eclogite facies (Drăgușanu & Tanaka 1999; Medaris et al., 2003; Balica et al., 
2013 submitted). During the latest stages of the Variscan orogeny, the basement of the SC was 
intruded by numerous granitic plutons, most of which have been dated as late Carboniferous – 
early Permian (Balica et al., 2007; Balica et al., 2013 submitted), a time period that corresponds 
to profuse post-collisional granitic magmatism in other Variscan provinces of Europe (Cocherie 
et al., 1994; Finger et al., 1997; Cortesogno et al., 1998; Bea et al., 1999; Carrigan et al., 2005; 
Dyulgerov et al., 2010). 
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The five plutons chosen for this study (Ogradena, Cherbelezu, Sfârdinu, Muntele Mic, 
and Culmea Cernei) are all situated in the western part of the DD and intrude both Lainici-Păiuș 
and Drăgșan terranes, in close vicinity with terranes pertaining to the GSGD (Figure 4.1b). 
According to field observations and compiled maps, Culmea Cernei intrudes the basement of the 
Drăgșan terrane, while Cherbelezu, Ogradena, and Muntele Mic intrude both Drăgșan and 
Lainici-Păiuș. The Alpine orogeny has overprinted in various degrees the country rocks and the 
Variscan plutons, thus making the intrusive relationships between Sfârdinu and the country rocks 
less clear. 
The southernmost plutons, Sfârdinu, Cherbelezu, and Ogradena form elongated, almost 
N-S trending intrusive bodies (Figure 4.1b), concordant with the general structural trend of the 
DD country rock units. They are volumetrically large, compared with the other Danubian 
Variscan plutons and intrude a mixture of weakly retromorphosed amphibolites (with gneissic 
intercalations), amphibolitic gneisses, quartzites, feldspathic quartzites, and sericite-chlorite 
schists. All three plutons have well preserved thermal aureoles at their contacts with the country 
rocks, with well-developed neo-formation minerals, such as adalusite, staurolite, and garnet 
(Stan 1982). They all contain metasedimentary and micaschist xenoliths and roof pendants, 
concentrated mostly on their flanks, in close proximity to the country rocks. Culmea Cernei, the 
eastern most pluton presented here, is a NE-SW strongly elongated pluton, intruding 
amphibolites, amphibolitic gneisses and micashists pertaining to the Drăgșan terrane. Based on 
structural evidence (e.g., sharp contact of the pluton with country rocks, the presence of 
migmatitic aurelole around large parts of the pluton, discordant aplitic dykes), Iancu et al. (1994), 
argue for an “allochtonous” character of the pluton. Muntele Mic forms a NNE-SSW elongated 
pluton and it is cut in two by dextral transtensional strike-slip fault (Gherasi & Savu 1967). The 
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pluton is intruding amphibolites, orthoamphibolites (on its W flank), meta-volcanogenic tuffs, 
and micaschists (on the E flank; Savu et al., 1973). While the contacts between the pluton and 
the amphibolites and orthoamphibolites are clearly intrusive, the contact of the pluton with the 
micaschists creates large (up to 350m) migmatitic zones. Large, meter size xenoliths of 
micaschist composition are found disseminated into the pluton; no amphibolitic xenoliths have 
been identified. 
 
Samples and Petrography 
The samples from the 5 plutons presented in this study range from granites to 
granodiorites and quartz-monzonites and have similar major magmatic mineral assemblages, 
dominated by plagioclase and potassium feldspars, quartz, biotite, muscovite, and occasional 
amphiboles.  
The Ogradena pluton is composed mostly of leucocratic two mica granites and quartz 
monzonites (Figure 4.2). Various size (up to 2 meter in diameter) micaschist and amphibolite 
xenoliths and schlieren (concordant with the general foliation of the pluton and the adjacent 
country rocks) are observed in close vicinity of the contacts with the country rocks. Aplitic dykes, 
porphyry microgranodiorites, and almost completely weathered lamprophyres cross-cut the 
pluton and extend to a narrow strip of up to 100m around it. The Ogradena granitoids are 
generally massive, with oriented, gneissic texture preserved on its marginal zones. Ogradena 
samples are composed of quartz, with undulatory extinction and cataclastic textures dominating 
the contacts with the country rocks. Lenticular aggregates, with irregular, fine-grained 
recrystallized margins, and quartz porphyroblasts are often observed in the more massive, 
porphyritic granites. Plagioclase ranges from oligoclase (An12-27) in the granites to andesine 
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(An31-45) in the quartz monzonites. It is often deformed close to the pluton margins and often 
shows different degrees of alteration, with sericite and calcite developing mainly along the 
cleavage planes. In the more massive granites, myrmekitic intergrowths and polysynthetic 
twining, as well as small biotite inclusions are common occurrences.  
 
 
Microcline is often large (up to ~1 cm), has characteristic tartan twinning, and contains 
small patches of intensely sericitized, rounded, plagioclase. Perthites and micro-perthites are 
common occurrences on the margins of the pluton. Biotite is the most abundant mafic mineral 
and in some samples it can reach up to 10% of the total rock. It is seldom fresh, with chlorite 
Figure 4.2. Classification of the granitoids based on CIPW normative calculations. 
Fields are after O’Connor (1965). Black filled circles represent Muntele Mic 
samples; red filled circles – Ogradena plutons; green filled circles – Cherbelezu 
pluton; blue filled circles – Sfârdinu pluton; and purple filled circles – Culmea 
Cernei pluton. 
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developing along cleavage planes and at crystal boundaries. Sagenitic rutile and zircon 
inclusions are visible in larger grains. Muscovite occurs as millimeter to cm size lamellae and 
nests, frequently aligned parallel to the general foliation of the rocks. At the contact between the 
pluton and the country rocks, muscovite crystals host sub-millimeter inclusions of weathered 
plagioclase and angular garnet. Both biotite and muscovite recorded deformation as they are 
frequently bent. Accessory minerals, such as garnet (up to 2% in some samples), zircon, and 
ilmenite are common occurrences in all samples pertaining to the Ogradena pluton. 
Cherbelezu and Sfârdinu plutons are very similar in their petrological make-up and have 
compositions ranging from granites to quartz monzonites, with few granodiorites described in 
the Sfârdinu pluton (Figure 4.2). Small, meter-size aplitic dykes and pegmatitic nests are 
concentrated on the margins of the plutons; rare and completely weathered lamprophyre dikes 
were also reported in intrusive contacts with the plutons (Stan 1982). Granitoids of the two 
plutons are generally massive, with gneissic textures being developed at the contact with the 
country rocks. Quartz is xenomorphic and shows undulatory extinctions only in samples that 
exhibit gneissic texture. Zircon, titanite and apatite inclusions in quartz are common in both 
plutons. Plagioclase (oligoclase-andesine with An20-34 for the Cherbelezu and An25-35 for Sfârdinu 
pluton) is usually idiomorphic, fresh, has polysynthetic twinning, and is rarely altered to sericite, 
clay minerals, and calcite. Microcline, with typical tartan twinning, and perthitic and micro-
perthitic textures is the common K-feldspar. In both plutons, the larger K-feldspars have 
poikilitic texture and include <1cm fragments of quartz, micas, and altered plagioclase; in some 
samples from Cherbelezu pluton, epidote inclusions are present in K-feldspar phenocrysts. 
Muscovite is more abundant in Cherbelezu pluton, while biotite is more frequent in Sfârdinu 
samples. Both micas are mostly fresh and intensely deformed at plutons’ margins. Some of the 
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more mafic samples from Sfârdinu pluton have green hornblende, while scarce garnet crystals 
were identified in some of the more leucocratic samples pertaining to Cherbelezu pluton. Aplitic 
dykes and microgranular granodiorites cross-cut the pluton, but are restricted to zones of <100m 
close to the contacts with the country rocks. 
Culmea Cernei pluton is characterized by the abundance of granodiorites with massive 
texture and mafic schlieren and xenoliths (amphibolitic diorites with sparse pyroxenes – Iancu et 
al., 1994) with rare granites and tonalites on the eastern flank. Quartz is usually large (<1.5cm), 
xenomorphic, has undulatory extinction and is laden with inclusions (e.g. apatite, zircons, biotite, 
and chloritized hornblende). Thin films of microcrystalline quartz develop along grain 
boundaries, especially along plagioclase and K-feldspars. Plagioclase feldspars (An32-47) occur as 
large phenocrysts (0.5 to 1cm), seldom fresh, with sericite, calcite and clay minerals developing 
as secondary minerals. Fresh orthoclase and microcline phenocrysts with exsolution (perthite and 
micro-perthite) and poikilitic textures are visible. The most common mineral inclusions found in 
K-feldspars are rounded quartz, altered plagioclase, and chloritized biotite. Biotite is strongly 
pleochroic and often altered to chlorite and opaque Fe oxides. In one tonalite sample, sagenitic 
rutile and titanite was found in biotite lamellae. Hornblende forms green subhedral, medium-
sized (<0.2 cm) phenocrysts, rarely fresh, with chlorite and Fe oxides developing along cleavage 
planes and at grain boundaries. The more mafic samples have large, subhedral titanite crystals 
that can reach lengths of up to 1.2 cm. Other accessory minerals include zircon, monazite, and 
epidote. 
Muntele Mic pluton is comprised of porphyritic granites and granodiorites, locally 
grading into gneissic texture. Isolated aplitic dykes and weathered lamprophyres are cross-
cutting the pluton, while xenoliths similar in composition to the metasedimentary country rocks 
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are scattered throughout the body. Quartz phenocrysts are large (<1.5cm), usually anhedral and 
have undulatory extinction. Re-crystallization rims and microcrystalline film develop along grain 
boundaries. As in the case of the other plutons, the quartz grains from Muntele Mic granitoids 
are have considerable amounts of mineral inclusions (e.g. zircon, biotite, and rare epidote 
needles). 
 
Analytical Methods 
Major and Trace Elements 
Whole-rock chemical analyses were carried out using the facilities of the University of 
South Florida’s Center for Geochemical Analysis. More than 3 kg of fresh rock was first crushed 
using a WC jaw crusher and then milled to <200 mesh with an alumina dish-and-puck 
Shatterbox®. Sample powders were digested following the typical LiBO2 fluxed fusion 
methodologies (modified from Kelley et al., 2003) to ensure complete digestion of zircon and 
other resistant accessory phases. Flux and sample, with a 4:1 ratio (total of ~ 1.0 g) were 
thoroughly mixed in a graphite crucible and fused in a muffle furnace at 1055° C for minimum 
of 15 min. The fusion beads were then dissolved in 50 ml of a 2% HNO3 solution spiked with 1 
ppm Ge as an internal standard, and 1000 ppm Li was added as a peak enhancer to minimize 
matrix and background effects. Sample solutions were diluted a second step to 10 000:1 for the 
major elements measurements. For the low abundance trace element and rare earth element 
(REE) analyses, solutions were diluted to 1000:1 with 2% HNO3 spiked with 10 ppb In as 
internal standard. Loss on ignition (L.O.I.) was determined gravimetrically by heating a separate 
aliquot of sample powder at 850° C for 3 hours. Major oxides and selected trace elements (Sr, Rb, 
and Zr) were analyzed via optical emission mass spectrometry (ICP-OES), while trace element 
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measurements were carried on a Perkin Elmer Elan reaction cell/quadrupole inductively coupled 
plasma mass spectrometer (ICP-MS) instrument. 
 
Oxygen Isotopes 
Oxygen isotope analyses were performed on quartz mineral separates at the Department 
of Earth and Planetary Sciences of the University of New Mexico (Albuquerque, NM, USA) via 
laser fluorination microsystem methodologies (CO2 laser and BrF5 fluorination agent; Sharp, 
1990). Mineral separates were chosen over bulk rock powders in order to minimize the impact of 
sub-solidus alteration. Fresh rock samples were crushed and dry-sieved to size fractions of 500-
300 μm and appropriate quartz grains were hand-picked under a binocular microscope. The 
grains were carefully inspected to avoid mineral inclusions, and samples were examined using a 
cathodoluminescence (CL) to identify any structures that might suggest recrystallization. All the 
separates were treated prior to analysis with cold HBF4 to remove any trace of adhering non-
quartz minerals. 
 
Strontium and Neodymiun Isotopes 
Strontium (Sr) and neodymium (Nd) isotope separations and analyses were performed at 
the School of Earth and Environment, University of Leeds (UK). About 50 mg of powdered 
whole-rock material was dissolved for 48 hrs. on a hotplate (T~ 110ºC) in concentrated ultra-
clean HF-HNO3 = 3:1 acid cocktail, followed by subsequent drying and dissolution in ultrapure 
concentrated HNO3 and finally in HCl acid ( at <100ºC). Final dried samples were picked up in 2 
ml of 2.5M HCl acid and Sr and Nd were extracted from ½ of these unspiked solutions by 
conventional ion-exchange chromatographic techniques. Isotopic measurements were made by 
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thermal-ionization mass spectrometry (TIMS) on a Thermo Finnigan Triton multicollector mass 
spectrometer running in static mode. Sr and Nd isotopic ratios were normalized for mass 
fractionation to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. Analyses of reference materials 
during the course of this study gave 87Sr/86Sr = 0.706638±7 (n=3) and 143Nd/144Nd = 0.512482±5 
(n=2) for WSE Std. (Whin Sill dolerite); 87Sr/86Sr = 0.710273 for NIST SRM-987 (n=13) and 
143Nd/144Nd = 0.511835±5 (n=13) for LaJolla Std. All data were corrected to generally accepted 
values of 87Sr/86Sr = 0.710248 for NIST SRM-987 (McArthur et al., 2000) and 143Nd/144Nd = 
0.511853 for LaJolla (Weis et al., 2005). In-run precision, determined by repeat sample analyses, 
is typically better than 0.001% RSD. The total blanks for both Sr and Nd were negligible (<100 
pg) during the measurement period. 
 
Results 
Bulk-rock Geochemistry 
Selected major- and trace elemental data for 75 representative samples (i.e., 15 samples 
from each pluton) from the 5 Variscan plutons are listed in Table 4.1. Generally, the data show 
consistent trends on Harker variation diagrams, albeit their within-pluton SiO2 range varies 
significantly (Figure 3a and 3b). Culmea Cernei pluton records the largest SiO2 range (from 58.9 
to 69.7 wt. %), while the smallest difference between the highest and the lowest SiO2 
composition is recorded by Ogradena granitoids (72.3-74.7 wt. %). With the exception of two 
intermediate samples from Muntele Mic pluton (SiO2 of 61.5 and 61.7 wt. %, respectively), the 
rest of the plutons have felsic SiO2 concentrations (>63 wt. %). On Harker covariation diagrams 
(Figure 3a), all plutons show similar trends, albeit with different degrees of scatter. TiO2, Al2O3, 
MgO, CaO, P2O5, and FeOt (as total Fe) are negatively correlated with SiO2, while the alkalies 
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behave differently according to pluton. Except samples from Cherbelezu, which show 
remarkable variation in their Na2O contents at broadly similar SiO2 contents (~71 wt. %), all 
other plutons show little correlation of their Na2O contents with differentiation. Muntele Mic, 
Culmea Cernei, and Sfârdinu plutons show weak positive correlation of K2O with SiO2; while 
Cherbelezu has little variation in its K2O concentration. For the Ogradena samples, the K2O 
compositions vary from 2.8 to 5.7, at a 2.4 wt. % interval for SiO2. The majority of the samples 
plot in the calc-alkaline and high-K calk-alkaline fields, with two of the Culmea Cernei 
granodiorites plotting in close proximity or within the shoshonitic field. The aluminum saturation 
index (ASI = molecular (Al/(Ca-1.67•P+Na+K)) calculated for all samples varies 0.77 to 1.61, 
corresponding to compositions ranging from metaluminous to strongly peraluminous (Figure 
4.4) The degree of heterogeneity recorded by the plutons becomes evident as persistent 
differences in trace element behavior are visible both at intra- and inter-pluton scale. Albeit the 
degree of scatter is blurring any clear correlation between the trace elemental concentrations and 
the differentiation index, the differences in concentrations recorded by the plutons are obvious 
(Figure 3b). Muntele Mic granitoids have consistently higher Ba, Sr, Ce, Zr and La, and lower 
Cs concentrations with respect to the other plutons, whereas Culmea Cernei samples tend to have 
higher concentrations of Rb and Cs, when compared to the other samples. The systematic nature 
of the observed intra-pluton variations of the large ion lithophile elements (LILE) argues against 
substantial subsolidus element mobility. Compared to the lower crust average values, the 
samples show various degrees of enrichment in LILE (inter-pluton variation car reach an order of 
magnitude), relative to most high field strength elements (HSFE) and REE (Figure 4.5).  
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Sample Pluton SiO 2 TiO 2 Al2O 3 Fe2O 3 FeO MnO MgO CaO Na2O K2O P2O 5 LO I FeO t Total A/CNK Mg#
010-01 Muntele Mic 61.53 0.67 17.46 1.445 2.56 0.06 3.51 3.03 4.06 3.24 0.3 1.21 3.86 99.08 1.11 61.8
010-02 Muntele Mic 61.7 0.66 17.75 1.34 2.64 0.05 2.68 2.97 3.83 3.35 0.28 2.1 3.85 99.35 1.16 55.4
010-03 Muntele Mic 63.5 0.52 17.79 1.19 2.2 0.03 2.21 3.47 3.83 3.59 0.26 1.78 3.27 100.37 1.08 54.6
010-04 Muntele Mic 64.03 0.54 17.71 1.2 2.04 0.05 2.23 3.14 3.84 3.48 0.22 1.56 3.12 100.04 1.12 56.0
010-05 Muntele Mic 64.51 0.52 16.74 1.05 2.22 0.04 2.32 2.11 3.74 3.72 0.2 2.21 3.16 99.38 1.19 56.6
010-06a Muntele Mic 64.82 0.55 16.87 1.29 1.98 0.05 2.17 3.04 3.51 3.67 0.23 1.58 3.14 99.76 1.10 55.2
010-06b Muntele Mic 65.6 0.5 17.2 0.81 2.17 0.06 1.94 2.11 3.77 3.77 0.29 0.98 2.90 99.20 1.22 54.4
010-07 Muntele Mic 67.11 0.5 17.22 0.93 1.95 0.03 2.12 2.5 3.6 3.84 0.22 0.12 2.79 100.14 1.18 57.6
010-08 Muntele Mic 66.21 0.49 16.72 0.89 1.83 0.04 1.97 1.97 3.76 4.22 0.2 1.23 2.63 99.53 1.17 57.2
010-09 Muntele Mic 66.82 0.51 17.12 0.88 1.88 0.05 1.96 1.25 4.03 4.03 0.22 0.78 2.67 99.53 1.29 56.7
010-10 Muntele Mic 66.42 0.46 16.81 1.04 1.51 0.02 1.74 1.57 3.67 4.37 0.19 2.31 2.45 100.11 1.23 55.9
010-11 Muntele Mic 66.49 0.47 16.89 0.82 1.62 0.03 1.77 1.25 4.18 3.64 0.19 2.32 2.36 99.67 1.29 57.2
010-12 Muntele Mic 67.13 0.46 16.97 0.91 1.67 0.05 1.63 2.32 3.83 3.97 0.22 1.03 2.49 100.19 1.15 53.9
010-13 Muntele Mic 67.91 0.35 15.89 0.95 1.35 0.06 1.65 2.14 3.53 4.48 0.16 1.67 2.20 100.14 1.09 57.2
010-17 Muntele Mic 71.22 0.26 15.61 0.81 0.6 0.03 0.72 1.43 3.79 4.17 0.11 1.63 1.33 100.38 1.17 49.1
011-33 Ogradena 74.36 0.12 14.82 0.49 0.82 0.17 0.21 1.75 4 3.84 0.05 0.11 1.26 100.74 1.06 22.9
011-34 Ogradena 74.79 0.09 13.12 0.41 0.64 0.02 0.2 1.26 3.88 4.69 0.02 1.23 1.01 100.35 0.95 26.1
011-35 Ogradena 72.91 0.05 15.33 0.77 0.14 0.08 0.38 1.07 3.5 5.7 0.09 0.25 0.83 100.27 1.11 44.9
011-36 Ogradena 72.77 0.05 14.96 1.11 0.45 0.07 0.75 1.67 3.66 3.47 0.07 0.74 1.45 99.77 1.17 48.0
011-37 Ogradena 74.21 0.04 13.25 0.62 1.77 0.02 0.23 1.55 4.46 3.73 0.42 0.2 2.33 100.50 0.93 15.0
011-38 Ogradena 73.69 0.08 14.59 1.38 0.26 0.24 0.32 2.04 3.67 3.23 0.1 1.24 1.50 100.84 1.10 27.5
011-39 Ogradena 73.2 0.1 15.66 0.82 0.48 0.04 0.48 1.36 4 3.7 0.03 0.35 1.22 100.22 1.20 41.3
011-40 Ogradena 74.29 0.17 15.07 0.91 0.56 0.03 0.2 1.26 1.59 4.15 0.08 2.03 1.38 100.34 1.60 20.5
011-41 Ogradena 74.45 0.16 13.49 0.42 0.99 0.05 0.5 2.1 4.03 3.26 0.06 0.21 1.37 99.72 0.97 39.5
011-42 Ogradena 72.32 0.15 14.77 0.39 0.42 0.03 0.2 1.54 5.16 3.54 0.02 0.69 0.77 99.23 0.98 31.6
011-43 Ogradena 73.76 0.05 14.9 0.83 0.44 0.03 0.4 1.36 4.36 3.63 0.03 0.98 1.19 100.77 1.10 37.5
011-44 Ogradena 72.71 0.1 12.71 1.78 2.47 0.05 0.24 2.39 4.28 2.85 0.2 1.11 4.07 100.89 0.88 9.5
011-45 Ogradena 73.38 0.08 13.92 0.26 1.43 0.01 0.16 1.81 4.3 4.06 0.4 1.02 1.66 100.83 0.94 14.6
011-46a Ogradena 73.8 0.15 12.71 1.29 0.35 0.09 0.5 1.68 4.42 4.18 0.02 0.65 1.51 99.84 0.86 37.1
011-46b Ogradena 73.92 0.05 14.32 0.64 0.28 0.08 0.3 1.26 4.19 4.07 0.02 1.71 0.86 100.84 1.05 38.5
Table 4.1. Whole-rock major (wt.%) and trace (ppm) element compositions of representative samples of the five 
plutons. 
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Sample Pluton SiO 2 TiO 2 Al2O 3 Fe2O 3 FeO MnO MgO CaO Na2O K2O P2O 5 LO I FeO t Total A/CNK Mg#
011-26 Cherbelezu 73.18 0.07 15.53 0.36 0.15 0.11 0.13 1.35 3.48 4.73 0.05 0.65 0.47 99.79 1.17 32.8
011-27 Cherbelezu 72.53 0.14 16.02 0.68 0.46 0.04 0.53 1.55 2.64 4.9 0.04 0.79 1.07 100.32 1.29 46.8
011-28 Cherbelezu 72.32 0.2 15.7 0.58 0.54 0.02 0.55 1.2 2.59 4.84 0.1 1.29 1.06 99.93 1.34 48.0
011-29 Cherbelezu 72.4 0.21 15.84 0.7 0.43 0.05 0.58 1.75 2.94 4.68 0.02 1.02 1.06 100.62 1.21 49.4
011-30 Cherbelezu 72.18 0.22 15.73 0.69 0.31 0.02 0.57 1.42 2.9 4.75 0.04 2.04 0.93 100.87 1.26 52.2
011-31 Cherbelezu 72.22 0.23 16.49 0.66 0.36 0.02 0.65 1.22 2.83 4.52 0.04 0.81 0.95 100.05 1.40 54.8
011-32 Cherbelezu 71.61 0.24 15.92 0.89 0.36 0.03 0.76 1.83 2.52 4.72 0.1 0.96 1.16 99.94 1.27 53.9
011-31 Cherbelezu 71.8 0.15 15.79 0.82 0.44 0.06 0.4 1.57 4.07 4.07 0.04 0.25 1.18 99.46 1.13 37.7
011-30a Cherbelezu 71.1 0.25 16.11 0.73 0.5 0.02 0.58 1.81 2.7 4.81 0.06 0.74 1.16 99.41 1.25 47.2
011-30b Cherbelezu 70.76 0.24 15.09 1.1 0.78 0.05 0.98 1.41 3.8 3.97 0.16 1.59 1.77 99.93 1.15 49.7
010-81 Cherbelezu 70.69 0.24 16.83 1.02 0.34 0.03 0.57 2.1 2.25 4.76 0.06 1.9 1.26 100.79 1.33 44.7
010-83 Cherbelezu 71.02 0.25 16.68 1.04 0.64 0.05 0.81 1.54 2.98 4.14 0.12 0.61 1.58 99.88 1.37 47.8
010-84 Cherbelezu 70.52 0.19 15.69 0.65 0.63 0.04 0.63 1.99 3.64 4.15 0.12 1.35 1.21 99.60 1.11 48.0
010-86 Cherbelezu 70.33 0.25 19.89 0.87 0.63 0.03 0.81 1.2 2.01 4.22 0.1 0.16 1.41 100.50 1.57 50.5
010-87 Cherbelezu 69.9 0.24 16.52 1.06 0.37 0.01 0.85 1.33 3.14 4.81 0.14 1.88 1.32 100.25 1.29 53.4
011-12 Sfârdinu 63.42 0.59 17.5 1.31 2.26 0.05 2.26 3.54 3.87 3.85 0.23 1.41 3.44 100.29 1.03 53.9
011-13 Sfârdinu 64.21 0.58 16.9 1.37 2.1 0.06 2.2 2.7 3.95 3.91 0.28 1.31 3.33 99.57 1.08 54.1
011-14 Sfârdinu 64.7 0.4 17.41 1.16 2.04 0.07 2.12 2.98 3.67 4.06 0.26 2.02 3.08 100.89 1.10 55.1
011-15 Sfârdinu 65.02 0.47 17.81 0.9 2.1 0.05 2.02 2.79 3.6 4.06 0.24 1.83 2.91 100.89 1.16 55.3
011-16 Sfârdinu 65.41 0.54 16.85 0.98 1.7 0.04 1.98 2.35 4.53 3.67 0.2 1.55 2.58 99.80 1.07 57.8
011-17 Sfârdinu 66.31 0.56 16.35 1.23 1.88 0.06 2.09 1 3.83 3.71 0.2 1.67 2.99 98.89 1.35 55.5
011-18 Sfârdinu 67.14 0.58 16.09 1.05 2.02 0.05 1.64 2.02 3.72 3.75 0.2 1.2 2.96 99.46 1.16 49.6
011-19 Sfârdinu 67.3 0.52 16.38 0.93 1.65 0.04 1.52 2.04 3.96 3.88 0.2 2.21 2.49 100.63 1.14 52.1
010-38 Sfârdinu 67.68 0.45 16.42 1.09 1.74 0.05 1.81 1.77 3.98 3.76 0.21 0.16 2.72 99.12 1.19 54.3
010-39 Sfârdinu 67.91 0.31 16.78 0.91 1.22 0.04 1.24 1.67 4.68 3.77 0.16 0.46 2.04 99.15 1.13 52.0
010-40 Sfârdinu 68.72 0.44 16.09 0.71 1.28 0.03 1.18 1.44 4.26 3.98 0.16 2.09 1.92 100.38 1.15 52.3
010-41 Sfârdinu 69.89 0.39 15.82 0.76 0.96 0.04 0.9 1.43 3.86 4.3 0.07 1.82 1.64 100.24 1.16 49.4
010-44 Sfârdinu 70.49 0.33 16.68 0.54 0.98 0.05 1.2 1.45 3.67 3.9 0.18 1.11 1.47 100.58 1.29 59.3
010-46 Sfârdinu 70.71 0.21 14.91 0.92 1.06 0.06 0.71 1.7 4.26 3.4 0.14 1.65 1.89 99.73 1.08 40.1
010-47 Sfârdinu 71.65 0.19 16.02 0.57 0.69 0.03 0.55 1.25 4.29 4 0.1 0.46 1.20 99.80 1.17 44.9
010-49 Culmea Cern69.71 0.59 15.51 1.08 1.33 0.05 0.91 2.5 4.37 2.56 0.08 1.83 2.30 100.52 1.07 41.3
010-50 Culmea Cern69.42 0.33 17.23 1.2 1.36 0.1 0.83 3.9 3.42 1.3 0.09 0.23 2.44 99.41 1.22 37.8
010-51 Culmea Cern69.11 0.59 14.89 1.25 2.38 0.06 1.32 2.88 3.37 2.33 0.24 1.25 3.50 99.67 1.12 40.2
010-52 Culmea Cern68.89 0.41 16.21 0.72 1.7 0.02 1.31 2.62 4.06 3.34 0.05 1.07 2.35 100.40 1.08 49.9
010-53 Culmea Cern68.63 0.32 16.68 1.35 1.56 0.04 1.31 2.8 3.64 2.36 0.22 1.71 2.77 100.62 1.22 45.7
010-54 Culmea Cern68.21 0.42 16.57 1.61 1.87 0.06 1.32 2.81 3.52 2.74 0.24 0.56 3.32 99.93 1.20 41.5
010-55 Culmea Cern67.69 0.48 16.6 1.18 2.34 0.02 1.08 3.41 3.75 3.83 0.2 0.11 3.40 100.69 1.01 36.1
010-56 Culmea Cern67.19 0.52 15.25 2.4 1.55 0.05 1.12 4.4 2.55 2.47 0.08 2.35 3.71 99.93 1.03 35.0
010-57 Culmea Cern66.55 0.61 17.27 1.97 0.41 0.03 0.85 2.1 5.25 3.23 0.19 1.73 2.18 100.19 1.08 41.0
010-58 Culmea Cern65.29 0.45 17.8 2.01 2.28 0.04 0.62 4.59 3.64 2.27 0.27 1.21 4.09 100.47 1.06 21.3
010-59 Culmea Cern65.16 0.31 13.75 1.44 3.18 0.06 4.61 5.51 3.44 1.89 0.02 0.38 4.48 99.75 0.78 64.7
011-20 Culmea Cern64.12 0.46 19.34 0.93 1.86 0.02 1.16 4.2 3.65 2.64 0.13 1.09 2.70 99.60 1.17 43.4
011-21 Culmea Cern62.83 0.57 18.04 1.77 2.56 0.02 2.23 3.57 3.91 2.17 0.31 2.11 4.15 100.09 1.18 48.9
011-22 Culmea Cern58.96 0.65 19.9 2.09 2.84 0.06 2.64 4.5 4.25 2.83 0.3 0.64 4.72 99.66 1.09 49.9
011-23 Culmea Cern69.41 0.36 17.21 0.76 1.61 0.02 1.04 2.31 3.44 1.2 0.12 1.39 2.29 98.87 2.47 44.7
Table 4.1. (continued) 
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Sample Pluton Ba Rb Sr Zr Nb Th La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Y Cs Hf U Pb Eu/Eu*
010-01 Muntele Mic 1587 108 853 184.11 12 9.81 38.92 77.32 10.17 38.42 8.27 1.99 6.15 4.78 0.72 2.11 1.77 0.37 25.94 2.22 5.52 1.13 22.48 0.86
010-02 Muntele Mic 1537 104 835 181.15 12 9.85 38.96 77.35 10.2 38.45 8.31 2.03 6.18 4.82 0.75 2.15 1.81 0.41 25.97 2.26 5.56 1.17 22.52 0.87
010-03 Muntele Mic 1619 130 750 157.39 10 18.82 47.09 89.01 10.69 36.54 6.63 1.66 4.92 3.44 0.52 1.57 1.38 0.3 18.66 1.90 5.18 1.48 17.18 0.89
010-04 Muntele Mic 1591 132 741 155.42 9 18.84 46.12 89.04 10.72 36.57 6.65 1.69 4.95 3.47 0.55 1.6 1.4 0.33 18.29 1.93 5.21 1.51 17.2 0.91
010-05 Muntele Mic 453 67 244 163.71 11 6.48 21.86 50.69 6.84 26.48 5.87 1.46 4.81 5.06 0.79 2.69 2.85 0.53 32.57 8.99 5.10 2.50 14.79 0.84
010-06a Muntele Mic 1587 108 853 184.11 12 9.81 38.93 77.32 10.17 38.42 8.27 2.01 6.15 4.78 0.72 2.11 1.77 0.41 25.94 2.22 5.52 1.13 22.48 0.87
010-06b Muntele Mic 1519 127 741 157.25 9 18.78 47.05 88.97 10.46 36.5 6.41 1.62 4.88 3.37 0.48 1.54 1.41 0.26 18.22 1.86 5.14 1.48 17.21 0.89
010-07 Muntele Mic 1716 127 732 127.93 11 16.18 36.26 72.46 8.75 30.26 5.94 1.6 4.29 3.09 0.55 1.46 1.41 0.37 16.83 2.11 4.29 1.31 22.65 0.97
010-08 Muntele Mic 1419 120 747 161.53 8 18.85 47.68 82.04 9.72 36.57 6.31 1.72 4.95 3.47 0.53 1.61 1.41 0.33 16.69 1.93 5.23 1.51 17.27 0.95
010-09 Muntele Mic 1338 96 711 109.4 10 6.61 26.01 49.64 6.39 21.65 4.42 1.35 3.27 2.57 0.54 1.34 1.24 0.38 15.63 1.53 3.60 1.50 23.18 1.09
010-10 Muntele Mic 1619 130 747 157.33 10 18.75 47.03 88.95 10.63 36.48 6.56 1.59 4.85 3.38 0.45 1.51 1.31 0.23 18.60 1.81 5.12 1.42 17.11 0.87
010-11 Muntele Mic 713 114 169 185.07 16 15.85 43.76 83.54 11.06 38.85 7.46 1.7 6.03 4.75 0.88 2.42 2.44 0.62 28.48 2.26 5.39 1.86 22.76 0.78
010-12 Muntele Mic 713 114 169 184.84 15 15.62 43.53 80.31 10.83 38.62 7.23 1.47 5.8 4.52 0.65 2.19 2.21 0.39 28.25 2.03 5.16 1.63 22.53 0.70
010-13 Muntele Mic 994 99 585 99.48 8 8.68 20.04 40.81 5.14 18.1 3.65 0.98 2.64 1.86 0.26 0.89 0.87 0.15 11.96 3.43 3.03 2.06 17.7 0.97
010-17 Muntele Mic 1062 111 635 114.82 11 5.86 22.29 44.48 5.67 19.68 3.86 1.03 2.74 1.93 0.26 0.87 0.79 0.14 11.73 1.33 3.63 1.21 18.32 0.97
011-33 Ogradena 801 108 712 61.3 7 16.90 31 42 6.06 26.79 4.41 1.07 2.24 3.03 0.5 1.46 1.46 0.21 8.30 7.20 4.82 4.86 45.59 1.05
011-34 Ogradena 754 97 643 65.2 7 14.76 30.9 46.9 5.2 25.98 3.34 0.86 2.17 2.56 0.42 1.22 1.21 0.17 8.40 6.64 4.29 3.60 42.13 0.98
011-35 Ogradena 951 91 159 58.2 9 7.37 28.2 45.3 4.21 23.92 2.88 0.68 1.59 2.42 0.41 1.15 1.43 0.19 20.50 1.37 2.79 4.36 21.09 0.98
011-36 Ogradena 819 91 254 33.6 9 6.29 24.9 40 3.69 21.68 2.71 0.6 1.55 2.3 0.5 1.35 1.64 0.21 25.20 1.22 1.84 3.92 28.33 0.90
011-37 Ogradena 864 110 228 66 8 7.39 17.7 31.6 3.12 20.81 2.26 0.56 1.96 2.26 0.42 1.26 1.56 0.25 15.70 1.59 2.53 2.73 25.12 0.82
011-38 Ogradena 898 117 213 52.1 7 16.22 30 46.4 5.57 26.48 3.43 0.35 2.32 2.67 0.46 1.35 1.6 0.18 59.00 5.80 4.35 4.97 11.4 0.38
011-39 Ogradena 344 100 43 63.6 8 11.83 15.03 31.75 4.12 23.71 2.14 0.91 2.26 1.42 0.34 1.25 1.67 0.41 35.67 2.38 13.77 4.82 10.31 1.27
011-40 Ogradena 920 170 186 76.6 11 32.90 20 45.2 4.5 21 4.7 1.8 1.4 1.4 0.4 1.56 1.8 0.42 60.50 6.19 14.50 3.40 50.3 2.16
011-41 Ogradena 368 121 234 58.3 11 40.63 25.1 44.9 5.9 21.1 6.8 1.4 1.5 2.3 0.6 1.2 2.1 0.39 17.00 5.52 10.09 5.30 43.6 1.35
011-42 Ogradena 838 74 158 60.3 13 7.30 8.3 37.4 3.3 18.8 3.3 0.6 1.6 2.57 0.53 1.25 1.54 0.1 14.30 1.37 2.50 3.80 22.5 0.80
011-43 Ogradena 922 58 227 19.9 14 4.79 13 26.7 3.8 17.5 2.1 0.5 1.51 1.4 0.4 1.91 1.72 0.41 14.50 0.90 1.67 2.80 33.2 0.87
011-44 Ogradena 931 71 258 73.9 6 22.80 18.7 32.1 5.2 37.8 5.2 1.1 1.8 2.6 0.54 1.34 1.43 0.23 9.00 0.80 5.21 3.00 31.6 1.11
011-45 Ogradena 759 123 225 83 8 23.70 13.5 29.1 6.3 23.8 4.2 0.8 2.2 1.8 0.33 0.8 0.7 0.12 5.50 7.00 6.39 4.40 93.6 0.81
011-46a Ogradena 823 88 304 137.1 7 22.71 21.8 38.9 6.5 35.6 7.3 1.5 3.6 3.1 0.52 1.5 1.22 0.25 9.90 4.40 8.11 4.40 68.7 0.90
011-46b Ogradena 691 119 364 141.6 7 49.00 34.4 63.9 7.5 32.1 7.1 1.7 4.11 4.09 0.6 2.11 1.64 0.3 10.90 8.30 10.24 6.20 99.2 0.98
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Sample Pluton Ba Rb Sr Zr Nb Th La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Y Cs Hf U Pb Eu/Eu*
011-26 Cherbelezu 622 94 513 76.02 9 18.97 36.79 83.1 9.71 29.9 2.94 0.62 1.95 1.8 0.32 0.92 0.91 0.14 9.62 4.14 3.76 3.70 44.38 0.80
011-27 Cherbelezu 754 97 643 65.16 6 14.76 28.9 76.93 8.2 31.98 4.34 0.86 1.77 2.56 0.42 1.22 1.21 0.17 8.44 6.64 4.29 3.60 42.13 0.95
011-28 Cherbelezu 409 81 265 90.47 5 9.14 29.47 74.59 6.69 24.13 2.74 0.69 2.18 1.85 0.23 1.04 0.95 0.19 6.88 4.71 5.18 2.97 22.46 0.87
011-29 Cherbelezu 319 71 285 87.69 5 9.36 39.73 77.81 8.92 28.9 2.97 0.91 2.01 2.08 0.45 1.06 0.98 0.27 7.11 2.93 5.40 3.20 12.68 1.14
011-30 Cherbelezu 427 84 348 79.91 9 9.84 42.48 78.93 7.37 26.46 4.02 1.24 2.36 3.25 0.67 1.62 1.29 0.49 10.12 4.64 5.78 2.79 24.6 1.24
011-31 Cherbelezu 791 101 712 65.53 7 17.09 40.19 68.04 9.25 25.6 5.6 1.26 2.43 3.22 0.69 1.65 1.65 0.4 8.87 7.40 5.01 5.05 41.78 1.05
011-32 Cherbelezu 622 94 513 76.13 10 19.09 37.91 73.22 7.82 32.78 3.05 0.74 2.07 1.92 0.43 1.04 1.02 0.25 9.73 4.26 3.87 3.81 44.5 0.91
011-31 Cherbelezu 511 81 346 78.91 6 15.67 32.49 81.72 8.75 29.89 4.21 0.96 2.29 2.62 0.48 1.37 1.36 0.22 10.24 3.45 4.95 2.40 16.94 0.95
011-30a Cherbelezu 709 81 365 80.57 7 10.37 38.58 80.69 7.89 31.02 3.85 0.79 2.89 1.96 0.34 0.95 0.96 0.15 6.99 4.82 5.29 3.08 12.56 0.73
011-30b Cherbelezu 801 108 712 61.34 7 16.90 37.01 75.85 7.06 32.71 5.41 1.07 2.24 3.03 0.5 1.46 1.46 0.21 8.33 7.21 4.82 4.86 45.59 0.94
010-81 Cherbelezu 707 87 574 68.97 6 12.63 38.81 76.01 9.34 31.17 3.27 0.66 2.69 2.08 0.34 0.99 0.95 0.15 8.55 6.07 3.77 2.34 38.68 0.68
010-83 Cherbelezu 737 105 519 70.08 7 14.72 41.92 80.52 7.45 31.28 3.21 0.79 1.85 2.48 0.48 1.17 1.08 0.24 8.69 6.88 3.91 2.66 39.84 1.00
010-84 Cherbelezu 280 84 487 57.91 9 17.74 38.73 82.21 8.82 28.96 4.49 0.77 2.47 2.81 0.47 1.35 1.23 0.18 9.96 9.02 3.82 3.83 48.09 0.71
010-86 Cherbelezu 370 129 378 98.73 10 31.90 40.02 76.16 9.31 28.75 3.35 0.72 3.18 1.84 0.29 0.85 0.92 0.13 6.10 5.90 5.68 4.28 116.01 0.68
010-87 Cherbelezu 466 74 378 179.72 11 9.25 41.29 74.71 8.18 30.65 5.83 1.25 2.17 2.06 0.38 1.11 1.1 0.25 28.83 4.45 6.59 1.71 16.41 1.08
011-12 Sfârdinu 283 216 184 104.65 11 11.14 15.98 44.26 4.85 14.93 3.43 0.37 2.46 1.31 0.21 0.41 0.36 0.04 10.35 10.64 4.92 14.52 28.34 0.39
011-13 Sfârdinu 235 217 172 89.72 12 4.41 8.97 28.66 2.79 8.57 2.51 0.27 2.09 1.12 0.15 0.27 0.18 0.03 6.90 11.06 5.67 7.69 30.52 0.36
011-14 Sfârdinu 607 152 193 158.25 21 14.43 45.17 105.48 10.91 33.08 5.94 1.07 4.57 3.18 0.55 1.35 1.12 0.2 16.45 11.85 6.72 7.77 26.16 0.63
011-15 Sfârdinu 572 137 181 123.05 17 13.71 44.51 97.95 10.76 33.72 6.23 1.09 4.54 3.07 0.5 1.24 1.01 0.17 16.53 14.22 7.11 6.32 28.34 0.63
011-16 Sfârdinu 408 175 127 193.29 18 9.92 30.45 68.78 7.97 26.22 5.41 0.89 4.42 2.89 0.49 1.29 0.98 0.15 19.51 15.80 7.75 7.81 25.07 0.56
011-17 Sfârdinu 347 187 109 170.08 16 12.21 28.92 66.91 7.97 24.59 4.95 0.66 3.53 2.42 0.42 0.99 0.87 0.11 14.95 10.27 6.54 11.90 27.25 0.49
011-18 Sfârdinu 426 176 125 164.21 15 11.09 22.86 52.89 6.3 20.45 4.14 0.64 3.04 2.09 0.33 0.81 0.62 0.12 13.81 13.43 5.03 7.46 29.43 0.55
011-19 Sfârdinu 174 266 163 108.16 18 7.77 14.93 38.2 4.24 13.75 3.11 0.34 2.32 1.49 0.25 0.57 0.44 0.07 10.35 17.38 6.49 6.26 21.8 0.39
010-38 Sfârdinu 227 290 185 93.15 16 4.21 11.78 27.61 3.35 10.37 2.52 0.29 2.23 1.78 0.31 0.82 0.81 0.16 9.26 15.80 6.88 7.17 25.07 0.38
010-39 Sfârdinu 140 266 332 80.56 16 4.44 9.16 20.7 2.71 7.86 1.91 0.2 1.61 1.24 0.22 0.59 0.63 0.12 6.92 10.27 6.31 5.55 21.8 0.35
010-40 Sfârdinu 399 163 359 102.35 12 6.57 20.58 32.76 4.7 19.11 2.63 0.71 1.82 1.33 0.24 0.29 0.45 0.16 8.05 7.92 4.88 6.93 25.07 1.00
010-41 Sfârdinu 361 169 253 116.15 11 5.59 22.72 28.08 4.56 18.18 3.18 0.72 2.52 1.52 0.28 0.33 0.55 0.11 5.75 7.11 5.11 7.27 27.25 0.78
010-44 Sfârdinu 373 264 236 100.05 11 7.23 21.42 36.27 5.85 18.83 4.73 0.85 2.83 1.57 0.38 0.45 0.78 0.18 8.05 17.06 4.98 8.18 29.43 0.71
010-46 Sfârdinu 394 159 216 106.95 18 12.21 24.87 49.14 5.49 20.02 5.46 0.79 2.34 2.01 0.46 0.55 0.64 0.17 10.35 11.85 7.44 13.32 22.89 0.68
010-47 Sfârdinu 352 173 208 89.71 11 13.32 23.81 45.63 4.03 24.66 4.36 0.88 2.42 1.9 0.36 0.43 0.71 0.12 12.65 12.11 8.58 21.09 20.71 0.83
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Sample Pluton Ba Rb Sr Zr Nb Th La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Y Cs Hf U Pb Eu/Eu*
010-49 Culmea Cernei 574 149 251 231.4 16 9.36 52.01 112.76 13.21 49.36 10.41 0.77 8.72 8.35 1.58 5.09 4.61 0.54 36.40 22.12 4.28 3.03 24.57 0.25
010-50 Culmea Cernei 435 153 220 253.65 20 5.73 30.23 65.93 7.73 29.37 6.23 0.61 5.04 4.23 0.69 2.19 2.06 0.21 50.40 26.86 4.87 8.57 45.63 0.33
010-51 Culmea Cernei 406 130 251 222.5 13 3.04 33.24 71.73 8.53 31.8 6.71 0.85 5.61 4.97 0.88 2.76 2.61 0.28 33.60 11.06 5.95 8.15 29.25 0.43
010-52 Culmea Cernei 595 157 224 275.9 16 5.85 33.55 73.45 8.71 32.53 7.04 0.6 6.02 5.78 1.04 3.31 3.71 0.45 39.20 11.85 6.21 18.78 40.95 0.28
010-53 Culmea Cernei 549 171 440 258.1 19 14.04 17.16 38.64 4.6 17.28 4.15 0.19 3.69 3.65 0.57 1.67 1.49 0.11 33.60 14.22 6.81 4.62 30.42 0.15
010-54 Culmea Cernei 234 216 101 204.7 17 2.34 15.75 35.52 4.16 15.39 3.61 0.22 2.99 2.48 0.37 1.19 1.11 0.08 62.61 15.80 5.76 4.98 44.46 0.21
010-55 Culmea Cernei 299 283 75 142.4 19 17.55 20.74 46.18 5.23 18.89 4.45 0.25 3.65 3.11 0.42 1.1 0.8 0.03 24.30 10.27 4.43 8.43 57.33 0.19
010-56 Culmea Cernei 525 251 11 160.2 18 12.87 38.97 83.62 9.33 33.45 6.79 0.53 5.12 4 0.63 1.82 1.57 0.14 29.01 19.75 5.71 10.54 40.95 0.28
010-57 Culmea Cernei 254 250 84 124.6 13 10.53 27.4 62.68 7.49 28.62 6.32 0.3 5.24 4.69 0.77 2.24 2 0.17 39.31 17.38 6.05 9.12 28.08 0.16
010-58 Culmea Cernei 164 359 44 62.3 15 19.89 21.82 49.81 5.93 22.19 5.25 0.26 4.26 3.74 0.57 1.73 1.6 0.13 23.63 15.80 5.51 17.55 33.93 0.17
010-59 Culmea Cernei 226 297 57 106.8 22 24.57 4.98 10.7 1.13 4.36 1.18 0.07 1.18 1.63 0.22 0.89 0.92 0.09 30.58 14.25 4.29 16.42 36.27 0.18
011-20 Culmea Cernei 213 352 48 62.3 17 18.72 4.44 9.78 1.02 0.55 0.83 0.11 0.9 1.23 0.13 0.64 0.98 0.06 17.70 16.29 4.49 11.09 38.61 0.39
011-21 Culmea Cernei 127 419 44 80.1 16 22.23 55.97 108.01 11.38 38.96 7.03 0.76 5.45 4.73 0.84 2.59 2.41 0.27 15.90 20.12 4.31 10.17 31.59 0.38
011-22 Culmea Cernei 361 352 84 133.5 15 19.89 32.25 69.78 8.02 28.89 6.5 0.48 4.67 3.29 0.44 1.31 1.22 0.08 22.06 18.61 6.57 6.72 42.12 0.27
011-23 Culmea Cernei 226 318 53 97.9 19 11.72 38.46 82.72 9.32 33.48 7.04 0.48 5.47 4.87 0.86 2.83 2.91 0.33 30.24 11.09 7.56 4.85 47.97 0.24
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151  
  
Figure 4.3. Harker major elements (a) and trace elements (b) diagrams for the five plutons. Symbols as is Figure 
2. Major elements are in wt%; trace elements are in ppm. 
 
(a) 
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Figure 4.3. (continued) 
(b) 
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Overall, the trends indicate that with the exception of some incompatible elements, the 
trace elemental composition of the plutons departs by less than an order of magnitude from what 
has been postulated as the average composition of the lower crust. 
The five plutons discussed in this study have diverse light rare-earth element (LREE) 
enrichments in their chondrite-normalized REE patterns (Figure 4.6; [La/Yb]N =5.11 t-23.93 for 
Muntele Mic; 3.68-17.02 for Ogradena; 15.92-29 for Cherbelezu, 3.02-17.62 for Culmea Cernei 
pluton; and 9.69-33.22 for Sfârdinu pluton)., with variably fractioned heavy rare-earth element 
abundances ([Dy/Yb]N= .1.13-1.73 for Muntele Mic; 0.49-1.65 for Ogradenal; 1.20-1.61 for 
Cherbelezu;  1.26-3.99 for Sfârdinu; and 0.80-2.49 for Culmea Cernei. Among the studied pluton, 
only Culmea Cernei and Sfârdinu display negative Eu anomalies (Eu/Eu*= 0.35-0.99 for 
Sfârdinu and 0.14-0.42 for Culmea Cernei), whilst the other samples lack or have very weak Eu 
anomalies (Figure 4.6). 
Figure 4.4. (a) K2O vs SiO2 classification diagram with fields after Peccerillo and Taylor (1976). (b) Aluminum 
saturation index (ASI – Frost et al., 2001) showing the metaluminous to strongly peraluminous character of the 
melts. Symbols as in Figure 4.2. 
(b) 
(a) 
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Isotope Composition 
Isotopic compositions (i.e., δ18O on quartz separates and bulk-rock 87Sr/86Sr and 
143Nd/144Nd ratios) for representative samples from each pluton are presented in Table 4.2 and 
Table 4.3, respectively. Initial radiogenic 87Sr/86Sr and 143Nd/144Nd ratios were calculated using 
U-Pb zircon ages proposed by Balica et al. (2007, and 
2013 submitted). 
Initial 87Sr/86Sr and 143Nd/144Nd ratios were 
determined for 4 samples from each of the Muntele 
Mic, Cherbelezu, Sfârdinu, and Culmea Cernei plutons, 
and for 3 samples from Ogradena pluton. There are 
considerable differences in both the 87Sr/86Sri and εNd 
systematics at intra- and inter-pluton scale, but 
generally there is good inverse correlation between the 
two isotopic systems. Ogradena and Cherbelezu 
plutons have the most radiogenic 87Sr/86Sri 
compositions (ranging from 0.72462 to 0.73212, for 
the former, and from 0.71146 to 0.72029 for the latter), 
and the lowest εNd values encountered in these five 
plutons (-10.84 to -5.6 for Ogradena; -12.85 to -7.2 for Cherbelezu). The negative correlation 
between 87Sr/86Sri and εNd is visible for the rest of the plutons as well (Figure 4.7): 87Sr/86Sri 
ranging from 0.70489 to 0.70504 and εNd from 0.62 to -2.52 for Muntele Mic; 0.70473 to 
0.70642, and -0.76 to -7.63 for Sfârdinu; 0.70487 to 0.70724, and -1.97 to -4.92 from Culmea 
Cernei.  
Sample Pluton SiO2 δ18O
010-01 Muntele Mic 61.53 5.51
010-04 Muntele Mic 64.03 6.45
010-06b Muntele Mic 65.6 7.99
010-08 Muntele Mic 66.21 8.89
011-33 Ogradena 74.36 13.82
011-35 Ogradena 72.91 13.25
011-42 Ogradena 72.32 12.67
011-26 Cherbelezu 73.18 11.38
011-28 Cherbelezu 72.32 10.54
011-29 Cherbelezu 72.4 8.41
011-31 Cherbelezu 72.22 10.71
011-12 Sfârdinu 66.31 9.48
011-13 Sfârdinu 64.21 -
011-14 Sfârdinu 64.7 7.92
011-17 Sfârdinu 63.42 6.12
010-51 Culmea Cernei 69.11 9.12
010-55 Culmea Cernei 67.69 7.37
010-57 Culmea Cernei 66.55 8.84
011-20 Culmea Cernei 64.12 7.2
Table 4.2. δ18O values of quartz mineral 
separates for selected samples from the five 
plutons. 
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The isotopic composition of the last three plutons is in agreement with interactions 
between mantle-derived melts, likely enriched during past subduction events and characterized 
by low 87Sr/86Sri and extensive variation of the εNd values.  
Sample Pluton
87Sr/86Sr±2
σ measured
87Sr/86Sr 
initial
143Nd/ 144Nd±2σ 
measured
143Nd/ 144Nd 
initial
εNd
010-01 Muntele Mic 0.706752±7 0.705048 0.512368±8 0.512089 -2.49
010-04 Muntele Mic 0.706769±4 0.704376 0.512484±8 0.512249 0.62
010-06b Muntele Mic 0.706618±9 0.704898 0.512367±7 0.51214 -1.51
010-08 Muntele Mic 0.710118±5 0.70796 0.512311±8 0.512088 -2.52
011-33 Ogradena 0.734086±4 0.732128 0.511883±7 0.511678 -10.84
011-35 Ogradena 0.732072±5 0.724626 0.512042±5 0.511892 -6.66
011-42 Ogradena 0.732204±5 0.726145 0.512165±3 0.511947 -5.6
011-26 Cherbelezu 0.718634±4 0.716155 0.511686±5 0.511559 -12.85
011-28 Cherbelezu 0.716485±5 0.712369 0.51178±9 0.511633 -11.4
011-29 Cherbelezu 0.714826±5 0.711465 0.511981±4 0.511848 -7.2
011-31 Cherbelezu 0.722204±6 0.720296 0.511865±11 0.511582 -12.4
011-12 Sfârdinu 0.708096±7 0.706422 0.51213±7 0.511848 -7.63
011-13 Sfârdinu 0.708405±5 0.705213 0.512316±5 0.511957 -5.51
011-14 Sfârdinu 0.708228±8 0.70537 0.512215±6 0.511995 -4.77
011-17 Sfârdinu 0.707187±6 0.704739 0.512447±8 0.5122 -0.76
010-51 Culmea Cernei 0.709001±5 0.707247 0.512256±4 0.512016 -4.92
010-55 Culmea Cernei 0.71017±6 0.705928 0.512435±4 0.512167 -1.97
010-57 Culmea Cernei 0.708039±6 0.705586 0.512231±5 0.51198 -5.63
011-20 Culmea Cernei 0.707491±4 0.704878 0.512384±5 0.512027 -4.71
Table 4.3. Radiogenic (Sr-Nd) isotope composition of the studied granitoids. Initial ratios were 
calculated for 287 Ma – Muntele Mic pluton; 314 Ma – Ogradena pluton; 327 Ma – Cherbelezu 
pluton; 310 Ma – Sfârdinu pluron; and 287 Ma – Culmea Cernei pluton. These ages are assumed to 
be the crystallization age proposed by Balica et al. (2007 and 2013 submitted). Given uncertainties 
are 2σ. 
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Figure 4.5. Average lower crust-normalized multi-element plot for the five plutons. Normalizing values are those of Taylor & McLennan (1995). Symbols as in 
Figure 4.2. 
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Figure 4.6. Chondrite-normalized multi-element plot for the five plutons. Normalizing values are those of Nakamura (1974). Symbols as in Figure 4.2 
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This trend seems to be a characteristic feature of the Danubian Variscan post-collisional 
magmatism, as similar trends were described by Stremțan et al. (2013 submitted and in prep) the 
317 Ma Furcătura pluton and the younger Motru dyke swarm (~295 Ma). Similarly, interactions 
between mantle-derived melts and lower crustal lithologies were documented elsewhere in the 
European Variscan such as the South Bohemian Massif (Vellmer & Wedepohl 1994; Gerdes et 
al., 2000), Bavaria (Siebel et al., 1995), and Portugal (Azevedo & Nolan 1998).  
 
Figure 4.7. 87Sr/86Sr vs εNd calculated as initial ratios for the crystallization ages proposed by 
Balica et al. (2007 and 2013 submitted). Plotted for comparison are isotopic ratios for the 
Furcătura pluton (green area; Stremțan et al. 2013 submitted) and Motru dyke swarm (orange 
area; Stremțan et al. 2013 submitted). Mantle array modified after Hart et al. (1986) and 
Salter & Stracke (2004). Symbols as in Figure 4.2 
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On the other hand, Ogradena and Cherbelezu plutons have isotopic compositions that 
indicate lesser contribution from mantle sources and a more pronounced participation of crustal 
protoliths. 
 
 
The δ18O values recorded by quartz mimics well the behavior of radiogenic isotopes and 
help fingerprint the diverse protoliths that contributed to the formation of these plutons. Muntele 
Mic has the lightest δ18O ratios (5.51 to 8.89 ‰), while the heaviest compositions are recorded 
Figure 4.8a. δ18O vs 87Sr/86Sr diagram for the five plutons, with the mantle-continental 
crust variation vector simplified from Albarède (1995).Symbols as in Figure 4.2. 
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by quartz from Ogradena pluton (12.67 to 13.82 ‰). All plutons show good correlation of δ18O 
and 87Sr/86Sri (Figure 4.8a), implying that the evolution of the two isotopic systems was caused 
by the same factors. As both O and Sr isotopes are positively correlated with SiO2 (Figure 8b), 
fractionation alone, as a way of generating those variations, seems unlikely. 
 
 
Discussion 
Intra- and Inter-pluton Magmatic Evolution 
The use of major elemental compositions for granitic melts does not provide unequivocal 
solution to complex petrogenetical problems, but allows for broad assumptions to be made upon 
the possible protoliths and thermo-dynamic conditions of melting. Additionally, major element 
data can be used as means of discriminating between distinct plutons emplaced during the same 
orogenic episode.  
Figure 4.8b. Variation of δ18O and 87Sr/86Sr ratios as a function of differentiation. Symbols as in Figure 4.2. 
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Excepting 7 samples from the Sfârdinu pluton, the rest of the granitoids presented in this 
study are peraluminous to strongly peraluminous. These types of granites have been reported 
elsewhere in the European Variscan provinces (Villaseca et al., 1998; Bea et al., 1999; Castro et 
al., 1999; Olazabal et al., 1999; Tartèse & Boulvais 2010) and there is little consensus on the 
processes that ultimately lead to such melt compositions. Several mechanisms have been 
envisaged for the formation of peraluminous granitoids: extreme differentiation of metaluminous 
melts by means of closed-system fractional crystallization of large amounts of amphibole and 
clinopyroxene (thus peraluminous granites are minor components in large metaluminous plutons 
(e.g., Miller 1985); hybridization of metaluminous magmas with highly aluminous sedimentary 
protoliths (e.g., Castro et al., 1999); localized alteration of metaluminous melts during late 
magmatic stages (e.g., Martin & Bowden 1981); melting of crustal lithologies without 
contributions from metaluminous components (France-Lanord & Le Fort 1988; Villaseca et al., 
1998; Abdel-Rahman 2001). Trace elemental and isotopic data discussed further in this paper 
don’t allow for purely crustal protoliths to be involved in the formation of all the studied post-
collisional plutons. Albeit most samples were subjected to various degrees of sub-solidus 
alteration (e.g., development of sericite, calcite, and clay minerals on plagioclase feldspars, 
deferrization and chloritization of selected biotite phenocrysts) there is little petrological and 
textural evidence to suggest that alteration of the granitoids had imprinted the peraluminous 
characteristics observed in our samples. Closed-system fractionation of mineral phases (e.g., 
amphiboles and clinopyroxenes), while it is possible to have occurred to certain degree during 
the evolution of some of the Danubian plutons, it seems unlikely to have played a significant role 
in the general geochemical make-up. The trends observed on chondrite-normalized REE plots 
(Figure 4.6) and ratios of key elements indicative of garnet, amphibole, and clinopyroxene 
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fractionation (i.e., [La/Yb]N, [Dy/Yb]N, [Gd/Yb]N) show that fractionation of mineral 
assemblages in which those phases were abundant is probable. However, several lines of 
evidence, both petrological and geochemical, argue against a closed system fractionation for the 
five plutons. Various degrees of scatter on variation diagrams for both major and trace elements 
(Figures 4.3a and 4.3b), coupled with Sr-Nd and O isotopic ratios indicative of both mantle-
derived and crustal lithologies show that complex igneous processes, such as assimilation 
fractional crystallization and mixing may have played an important role in the formation and 
evolution of the melts. Furthermore, meta-sedimentary xenoliths and roof pendants, as well as 
contact aureoles (with typical neo-formation minerals) around the intrusions are common, 
arguing for continuous exchanges and interactions between the melts and the country rocks. 
Finally, all five Danubian Variscan plutons presented here completely lack volumetrically large 
metaluminous melts associated with them, thus making the closed-system fractional 
crystallization an impractical hypothesis.  
Mixing of mantle-derived melts with crustal lithologies were described in relation with 
other Variscan granitic plutons across Europe and seem to be common processes active during 
the formation of post-collisional plutons worldwide (e.g., Rottura et al. 1990; Caggianelli et al., 
1991; Pe-Piper et al., 1993; Benek et al., 1996; Azevedo & Nolan 1998; Castro et al., 1999; 
Kotopouli et al., 2000; Broska & Uher 2001; Ferré & Leake 2001; Dyulgerov et al., 2007; 
Villaseca et al., 2009). In our opinion, hybridization of mantle-derived melts with aluminous 
crustal rocks is the likely candidate for the formation and evolution of the granitoids pertaining 
to the five plutons presented here.  
Figure 4.9 shows the variation of key major element ratios versus SiO2. Crustal rocks 
tend to have high K2O contents and low TiO2 and P2O5, thus high K2O/TiO2 and K2O/P2O5, at 
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intermediate to felsic SiO2 compositions would argue in favor of contamination of granitic melts 
with crustal material. On the other hand, the narrow range of these two ratios with increasing 
SiO2 argues against extreme contamination and shows that fractional crystallization might have 
also played a key role in the evolution of melts. Ogradena and Cherbelezu plutons show drastic 
enrichments of K2O against both TiO2 and P2O5, thus implying that the contribution of crustal 
lithologies played an important role in the formation and evolution of these granitoids. In both 
cases, the two ratios vary broadly at similar SiO2 contents, thus making the point for 
heterogeneous sources, rather than a continuous assimilation process.  
 
 
On the other hand, Sfârdinu and Muntele Mic plutons have slight increases in the two 
ratios, at higher SiO2 content, while Culmea Cernei granitoids show modest variations as a 
function of differentiation. Same trends are distinguished when mg# (molecular ratio 
Mg/(Mg+Fe)*100) values are plotted against SiO2 (Figure 4.10) thus implying that source 
Figure 4.9. Variation of K2O/P2O5 (a) and K2O/TiO2 (b) as a function of differentiation. The “crustal 
contamination” and “differentiation” vectors are not at scale. Symbols as in Figure 4.2. 
(a) (b) 
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heterogeneity and fractional crystallization processes affected differently the five plutons 
presented in this study. Melting of crustal, felsic material alone would produce melts with low 
mg# (Moyen 2009), while interaction of crustal melts with mantle-derived materials would 
significantly increase the mg#. 
 
 
Rapp et al. (1999) showed that additions of as little as ~10% of mantle peridotite would 
increase the mg# of a melt by at least 20%. Most of the samples presented in this contribution 
have significantly higher mg# (>40) that what would have been expected from melting of crustal 
rocks (about 20-30, Coldwell et al., 2011), thus interactions with mantle-derived material are 
Figure 4.10. SiO2 vs mg# ((molecular ratio Mg/(Mg+Fe)*100) variation diagram. 
“Differentiation and “crustal contamination” vectors not at scale. Symbols as in Figure 4.2. 
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posited. Balica et al. (2007 and 2013 submitted) have reported significant inheritance (with great 
diversity of the types of zoning) in the zircon populations used to date the five plutons. The 
presence of inherited zircon xenocrysts in granitic plutons is due to incorporation of crustal rocks 
while zoning diversity demonstrates that zircon grains did not reach internal and external 
equilibrium with the host rocks (Patterson et al., 1992). The important zircon inheritance 
reported by Balica et al. (2007 and submitted) suggests that crustal material actively participated 
in the formation and evolution of the melts. Morphological studies carried out on zircons from 
Ogradena, Cherbelezu, Sfârdinu, and Culmea Cernei plutons (Robu & Robu 1992) argue that 
euhedral zircons from these plutons have crystallographic shapes corresponding to the groups A 
and B defined by Pupin (1980) (A= granites of crustal or mainly crustal origin; and B= granites 
of crustal and mantle origin - hybrid granites). 
Culmea Cernei and Sfârdinu samples have significant negative Eu anomalies (average 
Eu/Eu* of 0.26 and 0.58, respectively), coupled with Sr depletion on lower crust- normalized 
multi-element plot (Figure 4.5), while all other plutons almost completely lack or have very 
weak negative anomalies (and moderate Sr enrichments on lower crust-normalized multi-element 
plot). The presence of such anomalies in granitic melts is traditionally linked to several processes 
(e.g., Girardi et al., 2012 and references therein): fractionation of plagioclase, partial melting in 
the presence of, and in equilibrium with abundant plagioclase, or the redox conditions (and H2O 
availability) during melting and subsequent evolution. Coupling of Eu anomalies and Sr 
enrichments/depletions argue against the effect of the oxidation state of the melts as a controlling 
factor for the anomalies and suggests that they are conditioned by the presence/absence of 
plagioclase in the restite. Furthermore, as plagioclase’ P-T stability field is well constrained, the 
presence of Eu anomalies can be used as rough indicators of crustal depths as which the melts 
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were generated. The lack of Eu anomalies in Muntele Mic, Ogradena, and Cherbelezu plutons 
imply that plagioclase was not an important fractionating mineral phase, or that the melts were 
generated at depths at which plagioclase is not a stable mineral phase.  
 
 
Stremțan et al. (2013 submitted) argued that the lack of negative Eu anomalies 
encountered in the Furcătura Danubian (317 Ma) post-collisional pluton are due to melting of 
heterogeneous protoliths at depths greater than 40 km, outside the stability field of plagioclase. 
Petford & Atherton (1996) and Moyen (2009) have shown that Sr/Y ratio can be sensitive to 
Figure 4.11. Sr/Y vs Eu/Eu* (calculated as EuN/(SmN+GdN)1/2) variation diagram. Symbols as in Figure 
4.2. 
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melting depths, thus it has good potential as a proxy for the presence of plagioclase as a stable 
mineral phase in the melting residue, due to the high Kd of Sr in plagioclase. In our samples, 
there is a clear difference in the overall Sr/Y values of Culmea Cernei and Sfârdinu plutons (5.29 
and 22.41, respectively) on one hand, and Muntele Mic (average of 34.78), Ogradena (average of 
25.55), and Cherbelezu (53.19), on the other hand. This difference in Sr/Y ratios between the 
plutons is visible on a Sr/Y vs Eu/Eu* plot, (Figure 4.11), where the two plutons that have 
negative Eu anomalies also show positive correlation between the two ratios, as opposed to the 
rest of the samples which show negative correlation or little variation in the Eu/Eu* ratio with 
increasing Sr/Y.  
Another way of yielding granitoids with high Sr/Y ratio is by melting high Sr/Y sources. 
Mantle-derived melts are usually characterized by low Sr/Y values (~3) which may be increased 
during subduction-related enrichment episodes (Vellmer & Vedepohl 1994; Moyen 2009). 
Overall however, continental crust lithologies have considerably higher Sr/Y ratios, thus their 
contributions to the generation of melts should impart high ratios as well.  
Radiogenic and stable isotope compositions of most the samples studied also require 
input from both mantle-derived melts and crustal lithologies. Samples from Muntele Mic, 
Sfârdinu, and Culmea Cernei plutons have both Sr-Nd and O isotope values consistent with 
mantle signatures (Figure 4.7 and Figure 4.8a). However, their most radiogenic initial 87Sr/86Sr 
ratios (0.70796 for Muntele Mic, 0.70642 for Sfârdinu), and lowest εNd values (-2.52 for 
Muntele Mic, -7.63 for Sfârdinu, and -4.92 for Culmea Cernei) are significantly more radiogenic 
than the characteristic values of modern MORB (Salters & Stracke 2004) indicating that 
assimilation of crustal rocks took place during melting or subsequent evolution of the melts. 
Generally, the radiogenic isotope composition of the three aforementioned plutons is 
168  
significantly different from what is expected from melting of continental crust alone, without any 
input from the mantle. The variations of the isotopic values that plot inside the “mantle array” 
are due mainly to melting and fractional crystallization processes (Albarède 1996), while 
excursions outside the array imply mixing of different isotopic compositions. Mixing of 
materials that have similar Sr/Nd isotopic ratios will result in linear arrays between the two end 
member s, while mixing of materials that have different Sr/Nd isotopic compositions (i.e., 
mantle-derived and crustal end members) will describe a curved trend (DePaolo & Wasserburg 
1979; Albarède 1996). The curvature of the trend is a function of the most radiogenic initial 
87Sr/86Sr ratio and negative εNd value of the “crustal” end member. The fact that some samples 
from Muntele Mic, Sfârdinu, and Culmea Cernei do plot inside the “mantle array”, while the 
other describe a curvilinear trend (Figure 4.7) towards more radiogenic 87Sr/86Sri and negative 
εNd values, suggest that both fractional crystallization and assimilation of crustal rocks are 
responsible for the isotopic signatures of the plutons. Furthermore, the steep negative correlation 
between the two ratios (Figure 4.7) indicate that crustal material was likely of lower-crustal 
origin, as upper crustal rocks would tend to drive the isotopic composition to less negative εNd 
values. 
The involvement of upper-crustal protoliths seem to be better reflected by the isotopic 
compositions of the Cherbelezu and Ogradena plutons, as they are characterized by highly 
radiogenic 87Sr/86Sri ratios (up to 0.72029 for the former and 0.73212 for the latter) and sensibly 
higher εNd values (Figure 4.7). The higher εNd values and significantly higher 87Sr/86Sri ratios 
for these plutons suggest that the protoliths were metasediments of upper-crustal origin. For 
Cherbelezu and Ogradena plutons it is more difficult to suggest a genetic connection with 
mantle-derived melts, as contributions from crustal protoliths seem to prevail. The 
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metasedimentary origin of the two plutons is also supported by the δ18O measured on quartz 
separates. Stable isotope values for Ogradena are slightly higher (12.67 to 13.82 ‰) when 
compared to Cherbelezu samples (8.41 to 11.38 ‰), but both plutons exhibit far larger values 
that what is expected from mantle-derived protoliths (~5.3± 0.3‰; Valley et al., 2005), but 
consistent with sedimentary/crustal protoliths. Compared to the bulk rock δ18O composition from 
which the quartz grains are derived, their O isotopic ratios tend to be higher, as isotopic 
signatures of rock forming minerals become heavier from those exhibiting simpler structures 
(e.g., magnetite) to minerals that are highly polymerized (e.g., quartz; Bindeman 2008). Isotopic 
values higher than the mantle are generally attributed to two factors: low-temperature (i.e., 
hydrothermal) interaction of the rocks with meteoric water; or to mixing with material that has 
interacted at some point in its geological history with meteoric water in a supra-crustal 
environment (Sharp 2007). Quartz grains are more robust in preserving their initial O isotopic 
ratios even during low-temperature alteration (e.g., Blattner et al., 2002, Fourie & Harris 2011). 
All quartz samples analyzed for this study were carefully selected to ensure that the material 
analyzed doesn’t show any sign of recrystallization or sub-solidus alteration. The heavy isotopic 
signature of samples from Ogradena and Cherbelezu plutons indicate that their sources are 
largely crustal in origin and that mantle contributions to the overall makeup of the plutons are 
limited. Variscan post-collisional granitoids sharing similar crustal –like isotopic signature with 
Ogradena and Cherbelezu plutons were described in Portugal (Neiva et al., 2011), Bohemian 
Massif (Siebel et al., 1999). 
Muntele Mic, Sfârdinu and Culmea Cernei have δ18O ratios that mimic the systematics of 
the radiogenic isotope systems. Muntele Mic has the lightest isotopic composition (5.51 ‰) well 
within the range of compositions expected from mantle-derived melts. Sfârdinu and Culmea 
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Cernei plutons have generally lighter isotopic compositions, compared with Ogradena and 
Cherbelezu, but considerably heavier than the mantle (6.12 to 9.48 ‰ for Sfârdinu; 7.2 to 
9.12 ‰ for Culmea Cernei). The variation of the δ18O values, from close-to-mantle to heavier 
ratios characteristic to crustal rocks, as well as their positive correlation with 87Sr/86Sri ratios 
(Figure 4.8a) are consistent with assimilation of crustal rocks by mantle-derived melts. Cocherie 
et al. (1994) described similar behavior of stable and radiogenic isotope systems in the Variscan 
post-collisional batholith of Corsica and concluded that enriched mantle material played a key 
role in the chemical signature of the granitoids, while Cortesogno et al. (1998) argue that most of 
the post-collisional magmatism from the Ligurian Alps, Southern Alps, and Sardinia, ascribed to 
the latest stages of the Variscan orogeny, was favored by mantle crustal-interactions. Same 
interactions were documented in Variscan granitoids from the Bohemian Massif (Gerdes et al., 
2000), Calabrian Arc (Rottura et al., 1990), western Bulgaria (Dyulgerov et al., 2010), and the 
Massif Central (Williamson et al., 1996). 
Major and trace elemental data, coupled with Sr-Nd and O isotopic argue for source 
heterogeneities and complex processes that imprinted their signatures in the compositions of the 
five plutons studied in this contribution. Despite the fact that the age range during which the five 
plutons were emplaced (~40 Ma) allows for significant changes to occur in the thermodynamics 
of granitoid formation, there are clear geochemical similarities between plutons emplaced at very 
different times during the evolution of the post-collisional Variscan magmatism (i.e., Culmea 
Cernei and Muntele Mic). On the other hand, plutons like Cherbelezu and Muntele Mic, which 
were supposedly synchronous, share little chemical resemblance. Ogradena and Cherbelezu 
plutons have the petrological and geochemical features of crustal derived granitoids (i.e., “S-type” 
granites, sensu Chappell & White 1992) and lack the signatures of mantle-derived melts. 
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Muntele Mic, Sfârdinu, and Culmea Cernei are characterized by a high degree of heterogeneities 
in their isotopic compositions, reflecting participations from both mantle and crustal sources. 
 
Tectonic Setting 
The present knowledge of the evolution of the Variscan orogeny in the Romanian 
Southern Carpathians allows for a broad reconstruction of the plate tectonic setting during the 
Carboniferous-Permian time (Drăguşanu & Tanaka 1999; Săbău 2000; Săbău & Massonne 2003; 
Medaris et al., 2003; Balica et al., 2007; Balintoni et al., 2010; Balintoni et al., 2011; Balica et 
al., 2013 submitted). Field evidence, geochemical, and radiogenic isotope data infers that the 
Variscan orogeny, as preserved in the Romanian Southern Carpathians had two major phases, 
comparable with Variscan tectonic histories recorded elsewhere in the European Variscan 
provinces (e.g., Benek et al. 1996; Broska & Uher 2001; Massonne 2005; Carrigan et al., 2005; 
Giacomini et al., 2006; Bellot & Roig 2007; Dyulgerov et al., 2007; Finger et al., 2009). The 
first, older (~350-320Ma), collisional phase involved the continental subduction of parts of the 
Getic-Supragetic domain (i.e., the Sebeș-Lotru terrane) underneath the Danubian plate. During 
this time, eclogite-facies P-T conditions were reached in the lower plate of the collision system 
(Drăguşanu & Tanaka 1999; Săbău 2000; Săbău & Massonne 2003; Medaris et al., 2003). Prior 
to this collisional event, no subduction-related magmatic activities were recorded in the 
basement assemblages of the Southern Carpathians (Balintoni et al., 2010). There are no 
intrusive bodies emplaced during this phase of the Variscan orogeny, suggesting that even 
though fertile lithologies reside in the plates involved in the collision, temperatures required to 
promote melting were not reached. Bea (2012) showed that the energy released by radioactive 
decay of 40K, 230Th, 235U, and 238U, coupled with thermal blanketing and crustal thickening (in 
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excess of 65-70km) could provide enough heat for crustal lithologies to melt and produce 
granitic compositions. P-T conditions calculated for eclogites from the lower plate of the 
Variscan collision in the Southern Carpathians (i.e., Sebeș Lotru terrane, of Getic-Supragetic 
domain) showed that pressures in excess of 2.3 GPa were reached (Săbău 2000; Săbău & 
Massonne 2003; Medaris et al., 2003), suggesting that continental crust lithologies were buried 
deep enough and for long enough periods of time to melt, if their radioactive components alone 
would have produced enough energy.  
The second phase of the Variscan orogeny recorded by the Danubian domain lasted from 
~ 320 to 285 Mas and was dominated by the lateral retreat and exhumation of the Sebeș-Lotru 
terrane, followed by pervasive granitic magmatism emplaced into the Danubian crust (Balica et 
al., 2013 submitted). In the other Variscan provinces of Europe this period corresponds to 
sustained post-collisional magmatism (e.g., Finger et al., 1997; Massonne 2005; Casini et al., 
2012). The exhumation of the Sebeș-Lotru terrane is likely to have been a rapid one, as it was 
coupled with the cessation of sedimentation in the Danubian domain, where there is rapid onset 
of sedimentation hiatus starting from early Permian to early Jurassic (Iancu et al., 2005). This 
lack of sedimentation argues for an elevated topography and a rapid uplift following the 
emplacement of the Danubian Variscan plutons. The emplacement of granitic melts in such 
settings requires unusual tectonic conditions, such as slow exhumation that would enable heat to 
buildup and favor adiabatic melting (Patiño-Douce & McCarthy 1998). In the Romanian 
Southern Carpathians there is little evidence to support a slow exhumation of Sebeș-Lotru 
terrane, thus other means of providing the heat required for melting to occur have to be posited. 
One of those mechanisms is advective heat input from the mantle into continental crust, by 
means of delamination of the crust or sequential underplating of basaltic, mantle-derived, 
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magmas at the base of the lower crust (Bergantz 1989; Petford & Atherton 1996; von 
Blackenburg et al., 1998; Petford et al., 2000; Dufek & Bergantz 2005).  
Petford & Atherton (1996) argued that basaltic melts ponding at the base of the lower 
crust have the potential to yield granitoid melts that have similar chemical signatures (high Na2O 
contents, high Sr/Y and La/Yb ratios, heavy, crustal-like δ18O compositions, etc.) as the samples 
presented here. One important implication is that melting of the protoliths in order to produce 
such chemical signature is limited to depths in excess of ~40km, where amphibole and garnet are 
stable, but well outside the stability field of plagioclase. While this might be the case for the 
Variscan plutons that lack negative Eu anomalies (i.e., Muntele Mic, Cherbelezu, and Ogradena), 
it doesn’t seem to be in agreement with the trace elemental compositions of the rest of the 
plutons studied here (i.e., Culmea Cernei and Sfârdinu). On the other hand, mathematical models 
developed to understand the physical interaction between underplated basaltic magmas at the 
base of the lower crust (e.g., Dufek & Bergantz 2005) showed that the thermal effect of such 
juxtapositions limits drastically the vertical extension of melting zone. This spatial confinement 
further limits the degree of interaction of the melts with crustal rocks that will allow for the 
isotopic signatures, as those recorded by the five plutons, to develop. According to the crustal 
structure of the Variscan collision in the Danubian domain, the presumed basaltic malts would 
have been juxtaposed to amphibolite-eclogite facies rocks of the Sebeș-Lotru terrane. The 
composition of these rocks seems unlikely to produce, even at great degrees of mixing, the 
chemical signatures observed in our samples (Medaris et al., 2003). 
A sub-volcanic dyke swarm of Variscan age (Motru Dyke Swarm – MDS; Câmpeanu et 
al., 2012; Stremțan et al., in prep.) crosscuts both Danubian basement terranes and two of the 
post-collisional plutons (i.e., Culmea Cernei and Frumosu). The intrusive relationship between 
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the dykes and the Culmea Cernei pluton implies there was no significant thermal gradient 
between the two intrusive bodies, thus their emplacement must have been more or less 
synchronous. The emplacement age of the dyke is assumed to be early Permian (Stremțan et al., 
in prep.). The chemical fingerprint of the dykes has lead these authors to postulate a strong 
mantle affinity for the more basic compositions and different degrees of assimilation of lower- 
and upper crustal lithologies. A post-collisional, delamination setting was proposed for the 
generation of emplacement of these dykes, in agreement with what has been proposed for other 
Variscan post-collisional plutons from the Southern Carpathians (Duchesne et al., 2007; 
Stremțan et al., 2011, 2012, 2013 submitted and in prep.). The petrological and geochemical 
heterogeneities, both at intra- and inter-pluton scale, observed in the plutons presented in this 
contribution, coupled with the fact that they are very likely to have been emplaced at different 
levels in the crust argues in favor of a delamination event. However, since not all samples have 
clear mantle chemical signal, and the isotopic compositions are indicative of mixing with both 
lower and upper crustal rocks, it is likely that the delamination event did not affect the entire 
Danubian Variscan crust. Instead of a protracted, large scale event that would have affected the 
whole Variscan front, a series of distinct, spatially and chronologically limited delamination 
episodes are more suitable scenario for the generation and evolution of the Danubian Variscan 
granitic plutons 
 
Conclusions 
• Muntele Mic, Ogradena, Cherbelezu, Sfârdinu, and Culmea Cernei plutons were 
emplaced during the latest stages of the Variscan orogeny (327 to 287 Ma), synchronous 
with the lateral retreat and exhumation of the lower plate involved in the Variscan 
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collision in the Romanian Southern Carpathians. This stage is characterized in the 
Danubian domain by abundant granitic magmatism. 
• The five plutons presented in this study comprise granites (muscovite, biotite, muscovite-
biotite, and biotite-amphibole), quartz monzonites, and granodiorites. They are calc-
alkaline to high-K calc-alkaline, and metaluminous to strongly peraluminous. Their trace 
elemental compositions suggest that they were formed at different levels in the crust, 
under P-T conditions corresponding to both garnet-amphibole and plagioclase stability 
fields. Simple processes of fractional crystallization are ruled out by the variations of O 
and Sr-Nd isotopic compositions, favorable to more complex processes, such as 
assimilation fractional crystallization or mixing of mantle-derived melts with crustal 
rocks. 
• The mantle signatures recorded by the granitic melts, cessation of sedimentation that 
followed shortly after the crystallization of the plutons, field and geochemical evidence 
of exhumation of the Sebeș-Lotru terrane (part of the lower plate involved in the Variscan 
collision in the Romanian Southern Carpathians) are strong evidence to support 
delamination as means of providing both the mantle-derived input and energy required 
for generation of granitoids in the crust. The pronounced variation in petrological and 
chemical compositions of synchronous plutons suggests that delamination in the 
Danubian domain was a single, large scale event that affected the entire crust, but rather a 
collection of disparate, spatially and chronologically limited event, that affected the 
Variscan crust during the latest stages of the orogeny 
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